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Given:

Find:

EXAMPLE A

CURB-OPENING INLET INTERCEPTION
COMPOSITE CROSS SLOPE

Design flow = 3 cfs ~crv' ..JL-Yl.~ - (O'
Cross slope (Sx) = 0.02 ft./ft.

Longitudinal slope (S) 0.03 ft/ft.

Depressed gutter A = 2 in.

W = 2 ft.
Sw=-,. 6.~

Inlet's efficiency and intercepted flow

Case A:

Case B:

Figure

Parking not allowed

parking is allowed

3.22

3.4

3.22

3.23

3.20

Table 3.2

1A.

lB.

2A.

2B.

3A.

start with Qn = (3)(.016) = .048, go right on graph to

S = .03, then down to W = 2, then left to Sx = .02, up to

Sw/Sx =4, left to T/W = 4, T = 8'.

Adjust roughness of road to account for allowed parking.

This means divide 'n' by reduction factor from graph

= 0.8~n' = .016/.8 = .02; Qn' = .06. Follow above procedure

to get the top width = 8.6'. Use 9'.

WIT = 2' /8' = 0.25, Sw/Sx =4, enter figure at bottom, go up

to curve #4, then left. Read Eo = 0.67.

WiT = 2' /9' = 0.22, Sw/Sx = 4, follow above procedure, get

EO = 0.61.

Sw' = A/W = .083, SE = Sx + Sw'Eo = .02 + (.083)(0.67) =
0.076. Enter needed information of figure to LT = 19'.

Apply reduction factor from table 3.2 to given L:(0.8)(10')

= 8'.

3B. Follow same procedure as 3A.: SE = .02 + (.083)(0.61) = .07.

The inlet length needed for total interception, LT = 17'.

Apply reduction factor from table 3.2 to given L: (0.8)(10')

= 8'.



Figure

3.21 4A.

EXAMPLE A (continued)

L/LT = 8'/19' = 0.42. Enter at bottom of figure, up to

curve, then left. Read E = 0.62 = efficiency. Intercepted

flow, Qi = QE = (3)(0.62) = 1.86 cfs.

4B. Follow same procedure as ' 4A'. L/LT = 0.47, E = 0.64.

Intercepted flow, Qj = (3)(0.64) = 1.92 cfs. For

conservatism in design, use Qi from '4A'.

Alternative Method - use predeveloped capacity Curves. Advantage

is, they are easier to use and are based on inlet designs already

accepted in this area (M.A.G. standards). Note: the width of

this opening is 11' (compared to 10', above).

3.11

Table 3.2

1A. parking not allowed. Enter figure at bottom with Q = 3 cfs,

go up to curve S = .03 (in this case must select points

midway between curves for S = .02 and S = .04). Go left to

get efficiency, E. Qj = QE (plugging factor)

(3)(0.92)(0.8) = 2.21 cfs.

lB. parking is allowed. Follow above procedure.

Qi = QE (plugging factor) (3)(0.92)(0.8) 2.76 cfs
Reduction factor 0.8

For design, select Qi from 1A 2.21 cfs.

N te: It is more expedient to use a spreadsheet for the

calculations. This is easily done since all needed equations are

in text.



EXAMPLE C

COMBINATION INLET INTERCEPTION
UNIFORM CROSS-SLOPE

Background: combination inlets are a good idea when debris could be expected

with flows. Having part of a curb inlet 'upstream' of grate acts

like a 'sweeper', taking out debris which could clog the grate.

Given: Q = 8 cfs

Find:

Figure

Cross Slope, Sx = .03 ft./ft.

Longitudinal Slope, S = .04 ft./ft.

n = .016

curb opening = 10' (8' of which is 'upstream' of grate)

Grate is 2' x 2' reticuline, located along last downstream 2' of

curb opening

No parking is allowed ("no parking" signs in place)

Inlet's efficiency and intercepted flow.

3.20

Table 3.2

3.21

1.

2.

Determine LT from figure 3.2 = 52'. Apply clogging factor

for opening upstream of grate: (0.8)(8') = 6.4'

We must check how much flow is intercepted by the curb

opening upstream of grate L/LT 6.4'/52' = 0.12. E = 0.21

3. Now find how much of the 8 cfs is intercepted: Qi = QE =
1.7 cfs. The amount of bypass flow = 8-1.7 =[6.3 cfs.

3.2 .

3.23

4. Determine spread (T) for the 6.3 cfs. T = 8.5'. Sw/Sx = 1

WiT = 0.23, E
O
= 0.5, V = 1.12(.03)°·67(.04)°·5(8.5)°·67= 5.6fps

.016

Table 3.2 clogging factor for grate = 0.75. L (0.75)(2') 1.5'

3.27

3.28

5. Determine R = 0.8; Rs = .025

E = RFEo + Rs (I-Eo) = (0.80)(0.5) + (.025)(1-0.5) = 0.41

( .41)( .3\ = 2.6 cfs:
.f jJ.. Y T

Total intercepted = Qi 1.7 + 2.6 4.3 cfs, with 3.7 cfs

bypass flow.



EXAMPLE C (continued)

.08; Qj = (.08)(3.7) = 0.3 cfs

(4.3) + (0.3) = 4.6 cfs.

Now determine what lowermost 2' of curb opening will

intercept. Q = 3.7 cfs, LT = 39'. L = (0.8)(2') = 1.6'

Figure step

3.20 6.

Table 3.2

3.21 7. L/LT = 1.6/39 = .04, E

Total intercepted = Qj

Bypass flow = 3.4 efa

Efficiency = Qj/Q = 4.6/8 = 57%

-j- (
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.:.:.:-:.:.:.;::

....... ;:.:. iii The objective of the Drainage Design Manual for Maricopa County, Volume II,
::::::r::::::: ::: Hydraulics, is to provide criteria and design guidance for storm drainage facilities

in Maricopa County. There are two reasons to develop such a manual: 1) it provides
a convenient source of technical information that is specifically tailored to the
unique hydrologic, environmental, and social character of Maricopa County; and

.2) it provides a consistent set of criteria that, when used by the local governing
agencies and the land development community, will result in uniform drainage
practices throughout the county. Use of Volume II of the Drainage Design Manual for
Maricopa County will result in improved hydraulic performance of drainage
facilities, uniformity in design practicesacross jurisdictionalboundaries, and reduc
tion of conflict between the regulatory agencies and the land development com
munity. Although they have not yet been adopted by any regulatory agency,
regulation requirements have been highlighted by using a ruled box, for example:

)( This is how a regulation requirement will be highlighted in this manual.

......... :::::::;

.::::::. :;:: This manual was produced by a team of consultants under contract to the Flood
:::::::::: ::. Control District of Maricopa County. Beginning in 1987, the manual was developed

through a highly interactive process involving work groups for each major topic.
The work groups were composed of the engineering consultant, the Flood Control
District, representatives of the various communities in Maricopa County, and
representatives of home builders and land developers. The work groups were
charged with advising the consultant aboutapplicability of technical criteria, special
problem areas to be addressed, and resolving conflict over potential differences in
drainage standards between communities.

...;.:.; ;.:-:.:.: :.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:::::::::::::.: :.:::::;::::::;:;;::::;::::::::::::::::::::::::::::;:;;;:::::::.:::::::;:::::;:;;;:;:;:;::::. :;:::;:;:::: .:::::::::::: ::;::::::::::::;:::::;:::::::::::::::::.: ::::::::::::::;::::;:::::::::::::::.:.:.:.:..... ::;. :.: :.:.:.:.:.:.;.:.;.:.:.:.:.;.:.:.:.:.: .
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Scope

.......................;

:::1·::11'1":.·;::.).11)):: The Drainage Design Manual for Maricapa County, Volume II, Hydraulics, is divided
;;;:;:;;:::;::;:; into nine chapters that address the major subject areas of hydraulic design. The

authors' intention was to provide general design guidance for designs that are
common to the Maricopa County environment. Complex designs requiring specific
expertise are not included in this manual; however, where design exceeds the scope
of this manual, the reader is referred to documentation appropriate for that design.
The remainder of this manual is summarized briefly herein.

Hydrology
Chapter 2 provides an overview of the hydrology criteria for drainage structures;
the flood hydrology that is recommended for use in Maricopa County is contained
in Volume I of the Drainage Design Manual for Maricopa County. That procedure
provides for the use of the Rational Method for small, uniform watersheds, and for
use of the U.S. Army Corps of Engineers' HEC-l Flood Hydrology Program for
larger watersheds with diverse surface conditions. The procedure provides design
rainfall criteria that has been developed specifically for Maricopa County, rainfall
loss methods that are based on the best practical technology that is available for
estimating surface retention losses and infiltration rates, and unit hydrograph
procedures that have been selected and developed for the various land-uses in
Maricopa County.

Street Drainage
Chapter 3 provides design guidelines for the drainage of streets using curbs and
stormdrain inlets. An overall approach to storm runoffmanagement includes using
the street system to transport runoff to inlets and to transport runoff from storms
that are greater than the storm sewer capacity. Design criteria, design procedures,
and design aids are provided for streets and gutters, intersections, and roadside
ditches. Catch basins are discussed in regard to alternatives and suggested applica
tions, capacities, and design procedures.

Dosed Conduits
Chapter 4 provides complete coverage of two major topics: storm sewers and
culverts. A comprehensive treatment of storm sewers is provided including exten
sive use ofdesign aids for catch basins, manholes, and various types of storm sewer
junctions. All information for the design of culverts is provided. This includes the
necessary design aids, guidance for treatment ofculvert inlets and outlets, and scour
protection at the culvert outlet. Extensive use of many detailed examples clearly
illustrate the procedures to be used for most practical applications.

Open Channels
Chapter 5 is devoted to the analysis and treatment of both natural and artificial
channels. The scope of this chapter covers the more commonly encountered open
channel design applications by civil engineers who do not possess special design
skills in open channel hydraulics. Applications involving rivers and large washes
or channels, which are considered as non-rigid, require special design skills, and
the design of these channels should not be attempted with the design techniques

•

•

•
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Introduction

contained in this chapter. A simplified design procedure is presented that provides
an appropriate level of analysis for most design problems that will be encountered
for artifidal channels. The simplified design procedure assumes a rigid channel,
and the procedure is valid for both subcritical and supercritical flows. Channel
linings of concrete, soil cement, riprap, wire enclosed rock (gabion), and grass are
discussed in the manual. The analysis of natural channels is discussed in broader
terms than is the treatment of artificial channels. Although the basic theory is the
same for both channel types, more complex flow conditions (nonuniform and
unsteady flow) and concepts of sediment transport often need to be incorporated
in the analysis of natural channels.

Hydraulic Structures
The hydraulic structures that are described in Chapter 6 are used to control or alter
the flow characteristics, such as velocity, depth, energy, and so forth, and to affect
a change in the configuration of an open-ehannel, such as channel slope. The
purpose of such structures is to achieve a safer, more stable, and improved main
tainability of conveyance systems. Channel drop structures are a major topic of this
chapter and guidance is provided for the design of baffle chute drops, vertical hard
basin drops, vertical riprap basindrops, sloping concrete drops, and low flow check
structures. Information is provided for the dissipation of energy at conduit outlet
structures with emphasis on riprap protection for outlets with moderate flow
conditions and concrete structures for more severe conditions. Guidance is
provided for the design of channel transitions, supercritical flow chutes, and bends
in supercritical flow. The manual provides instruction in the theory and use of the
hydraulic jump as a means of energy dissipation. The design ofvarious, appropriate
hydraulic jump energy dissipators is included.

Bridges
The design ofbridges requires special training and experience in regard to hydraulic
analyses, design of flow training works, and estimates of pier and abutment scour.
Therefore, Chapter 7 is intended to present an overview of the hydraulic analyses
for bridge openings over open channels. There is also a general discussion of scour.

Detention and Retention
Detention and retention basins are man-made storage facilities that are intended to

. mitigate the effects of urbanization on storm drainage. They serve to reduce peak
discharges and can also reduce the volume ofstorm runoffdownstream of the basin
under certain conditions. Chapter 8 presents the engineering methodologies and
details associated with the planning, analysis, and design of detention and retention
facilities. Since detention and retention basins often require a considerable commit
ment of land resources by the community or land developer, particular emphasis
is placed on planning basins that are amenities, and, where possible, incorporate
multiple-use concepts. National storm water quality standards are being promul
gated and criteria for use of detention and retention basins that will not jeopardize
the quality of surface water and ground water resources are presented. Safety
concerns of such facilities are detailed along with the means to enhance safety. The
theory and procedure for performing routing of an inflow flood through such
facilities is provided along with a detailed example of the calculations.

.;.:.:.:.;.:.;.:.;.;.;.;.;.:.; ;.;.;.;.;.; ;.;.;.;.;.;.;.;.:.;.:.;.:.;.;.;.:::::.;.:.; :.;.;.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.;.;.:.;.;.:.:::::::.;.:;:::::::::::;:::::;:;:::::
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Regulations

Pump Stations
Stormwater pump stations are used where gravity discharge'is infeasible, such as
depressed. highway intersections, or for the controlled release of outflow, such as
from a detention or retention facility. The criteria for use of pump stations in
Maricopa County are provided in Chapter 9, however, the intent is to provide only
an overview of the conditions that should be considered in the design ofstormwater
pumping fadlities. Reference to another readily available document for the rigorous
design of stormwater pump stations is also provided.

{:~:: :::::: :::/~~j
.....:.:.:.: .

·:·!··~t~::: Regulations
::::::::: :::;: :::::;::;:

::::::::::: The following table provides a brief overview of the regulatory requirements
;;:., contained in this manual, along with the page numbers for your reference.

•

Regulation

A widely-accepted software program may be used in lieu of the design
procedures in this manual. However, prior approval from the
governing agency is required. .

All hydraulic structures are to be constructed according to the Uniform
Standard Specifications for Public Works (Maricopa Association of
Governments, 1979, revised 1984).

The determination of flood hydrology for designing stormwater
facilities in Maricopa County is to be performed according to the
procedures set forth in the Drainage Design Manual for Maricopa County,
Volume I, Hydrology (hereinafter referred to as the Hydrology Manual).
Deviations from the procedures in the Hydrology Manual require prior
approval from the jurisdictional agency and/or the Flood Control
District of Maricopa County before proceeding with the determination
of design hydrology.

According to the Uniform Drainage Policies and Standards for Maricopa
County, Arizona (25 February 1987), all development shall make
provisions to retain the peak flow and volume of runoff from rainfall
events up to and including the 100-year, 2-hour duration storm falling
within the boundaries of the proposed development. The criteria to be
applied to the 2-hour storm is provided in the Hydrology Manual. Table
2.1 outlines the minimum hydrology design criteria for drainage
features. .

Page

2·1

2·2

•

All drainageway entrance and exit points in the proposed development 2·2
must remain in the original location and-as near as possible-in the
original condition.

Table 2.1: Hydrology Design Criteria 2·3

Table 3.1: Design Storm Frequencies for Street Drainage 3-3

•
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Regulation Page

An n value of 0.015 or 0.016 shall be used for street flow unless special 3-6
considerations exist.

The allowable carrying capacity for gutters approaching an intersection 3·10
shall be calculated by applying the reduction factor found in Figure 3.4
to the theoretical capacity. The grade used to determine the reduction
factor shall be the same effective grade used to calculate the theoretical
capacity.

The reduction factors contained in Table 3.2 shall be applied to the 3-23
theoretical catch basin capacity from the curves to obtain the
interception capacity used for design.

All storm drain materials shall be approved by the governing 4-4
municipality prior to use.

The system shall be designed so that the hydraulic grade line is at 6 4-5
inches below the inlet elevation.

Crossroad culverts should be sized for the 50-year peak discharge. 4·73
Other design frequencies shall be used only with the approval of the
governing municipality.

Culverts for collector and arterial streets are to be designed to convey 4-74
the 50-year peak discharge with no flow crossing over the roadway.
Additionally, the flow depth over the roadway shall be limited to 0.5
feet for the 100-year peak discharge.

Possible aggradation or degradation at culvert crossings must be 4·74
examined in the design of culverts.

When any of the following conditions are met, trash racks will be 4-81
required on the entrances to all conduits in areas of Class A or Bhazard
as determined from Table 4.4:

» Side slopes in channels steeper than 4(H):1 (V) for concrete, grass and
earth linings, and 3(H):1 (V) for riprap linings.

» Conduits smaller than 7 feet in diameter, longer than 100 feet in
length, and without 12-inches of freeboard at the design flow rate.

» Conduits with energy dissipators at the end.

» Conduits exiting multi-use detention facilities.

» Conduits with sufficient bend that the opposite end cannot be clearly
seen.

A plugging factor of 50 percent will be used on all trash racks, and in 4-81
areas that are considered a Class A hazard, the velodty through the rack
shall be less than or equal to 2.0 fps (after plugging factor applied).

.; : :.: ;.;:;.;.;.;.;.;:;.;.:.:.;.;.;.:.:.; :::::::::::::::::;:;:::::;:::::;:;: .::;:::::::::::::::::;:::: :::;:;:::::::;:;:.;.:::::::;:::;:::::;:::::;:::;:;:::: :::::::::::::.:::::;:::::::::::::::::;:;:::::::::::::::;:::;:..;. :::;:::::;:::;:;:::: :::::.::::::;.:;:::::::::::::::;::::: ::::::::;:::::;:;:;:: .:.:.;.:.:.;.:.:.:.;.;.;.; .
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Regulations

Regulation

Conditions that will cause racks to be used on outlets include:

1. Stonn sewers, and

2. Inlets of pipes smaller than 7 feet in diameter that flow into recreation
areas that are not designed for pedestrian use.

Page

4-82 •
Because of the potential for inlet uplift failure and inlet damage from 4-83
other sources, concrete headwalls are required on all culvert
installations unless it can be shown that these dangers do not exist.

Projecting culvert outlets are not permitted. Some means for flow 4-85
transition must be provided.

If the proposed project will impact Waters of the U.s., the designer shall 5-1
take into account requirements of the Clean Water Act (CWA), Section
404.

Design velocities for all linings should not fall below 2 fps to minimize
sediment depositional problems.

Table 5.2: Roadside Channels Lined with Uniform Stand of Various
Grass Cover and Well Maintained; Notes:
(1) Use velocities over 5 fps only where good covers and proper
maintenance can be obtained.
(2) Grass is accepted only if an irrigation system is provided.

Except as subsequently provided, fencing will be required for all new
concrete, shotcrete, and soil cement lined channels with side-slopes
steeper than 4:1 that meet a Class A hazard as defined in Table 4.4 (page
4-81). Subcritical concrete, shotcrete, and soil cement lined channels
having depths and bottom widths less than 3 feet and 5 feet,
respectively, will not require fencing. Fencing may be required by
individual entities regardless of the conditions listed in this manual.

5-10

5-12

5·12 •

1-6

Due to erosion and scour of erodible channels and safety concerns with 5-16
excessively high velocities, the recommended upper limit of F is 2.0.

The limit to the Froude Number is thus F ~0.86. Forconcrete,shotcrete, 5-16
and mortar lined channels, the additional range of 1.13 ~ F ~ 2.0 is
allowed. F should not fall between 0.86 and 1.13.

Unless special exception is made by the governing entities, all artificial 5-17
channels must begin and end where, historically, runoff has flowed.

For channels with Froude Numbers less than 0.86, the ratio of the 5-18
channel radius (at centerline) to the design width of the water surface
shall be greater than 3.0.

September 1,
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Regulation Page

Required. freeboard is computed. according to the following formula: 5-19

FB = 0.25 (Y + V2/2g) (5.10>

The minimum freeboard value for rigid channels shall be 1 foot for
subcritical and 2 feet for supercritical flows. Using a smaller freeboard
in specific cases requires prior approval of the governing agency.

According to ARS 48-3609.A, during the course of the Master Planning 5-24
process, the 100-year runoff will be used. to delineate a floodplain for
major channels with discharges of more than 1,000 cfs and will be
processed through the local government, ADWR, and FEMA.

Encroachments into the floodplain of a natural wash are to be analyzed 5-24
according to the FEMA requirements.

At no time should an encroachment adversely affect the river's stability 5-24
or adversely alter flooding conditions on adjacent properties. When
encroachment is proposed within the floodplain of a major
watercourse, the regulating entity may, at its discretion, request that a
detailed study be performed to determine if a reduction in overbank
flood storage will significantly affect downstream flood peaks.

The minimum thickness for the soil cement lining shall be 12-inches 5-30
(two 6-inch lifts).

All concrete channels carrying supercritical flow shall be lined with 5-33
continuously reinforced concrete extending both longitudinally and
laterally. There shall be no reduction in cross sectional area at bridges
or culverts. Freeboard shall be adequate to provide a suitable safety
margin-at least 2 feet-or an additional capacity of approximately
one-third of the design flow.

Riprap linings shall have a minimum thickness of 1.5 times 0100. In 5-41
urban areas, riprap having a 050 less than one foot should be buried
and revegetated to protect the riprap lining from vandalism.

Due to a high failure rate and excessive maintenance costs, drop
structures having loose riprap on a sloping face are not permitted.

The maximum vertical drop height from crest to basin for a vertical hard 6-28
basin drop is limited to 3 feet for safety considerations.

Maximum drop depth is limited to 3 feet due to safety considerations 6-33
and the practicality of obtaining large basin riprap for higher drops.

September 1,1992
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Regulation

Designs for hydraulic structures must address the issue of safety. First,
signage must be provided to identify the potential hazard of flooding
or dangerous flow measures to the public. Second, appropriate
measures must be designed to keep the public away from hazardous
locations. For example, vertical drop structures should not exceed 3 feet
in height, and adequate fencing or railings must be provided along all
other walls, such as wing walls or training walls.

Open channels are recommended in lieu of pipes for conveyance of low
flows through the drop structure area. Pipes may plug or frequently
overtop, leading to additional maintenance problems. Pipes should be
no smaller than 24 inches in diameter.

If there is a good possibility of debris collecting on the piers, it may be
advisable to use a value greater than the pier width to account for debris
blockage. However, modeling of debris blockage should be reviewed
with the jurisdictional agency.

The minimum freeboard-in feet-for new bridg~s designed for the
SO-year peakstorm or greater is the velocity head (V /2g) plus two feet,
where V represents the average velocity of flow in the channel
approaching the bridge. For bridges designed for less than the 50-year
storm, the freeboard criteria in Section 5.3.3.3 applies.

A new bridge replacement will not be permitted to create a rise in the
existing flood water surface elevation, to cause an increase in lateral
extent of the floodplain, or to otherwise worsen existing flood
conditions.

Page

6-61

7·7

7·11

7·11

•

•
For the special condition of supercritical flow within a lined channel, a 7·13
bridge structure should not affect the flow at all. That is, there should
be no projections, piers, etc. in the channel area. The bridge opening
should clear and permit the flow to pass unimpeded and unchanged in
cross section.

•
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The requirement for a development to provide storage of excess runoff by 8-2
detention or retention facilities shall not be waived unless determined
otherwise by the jurisdictional agency on a case by case basis.

In general, storage facilities are to be located so they can intercept the
flow from the entire development area. If portions of the area cannot
drain to a single storage facility, then additional facilities may be added
to provide control of those areas as approved by the appropriate
jurisdictional agency. The objective is to provide storage of excess
runoff with a minimum number of detention/ retention facilities
located at optimum points within a development area. Whenever
possible, the facilities shall be designed for multiple uses, such as parks
or other recreational facilities, to offset the cost of open space and to
encourage improved maintenance.

Residential developments shall have no single lot storage and the
design of common facilities shall not assume any individual lot on-site
storage, unless approved by the jurisdictional agency. Developments
with Homeowner's Associations shall locate their facilities in private
drainage tracts orpublic sites dedicated by the developer, in accordance
with requirements determined by the jurisdictionalagency. The private·
facilities shall be maintained by the Homeowner's Assodation. Public
tracts shall be maintained by the jurisdictional agency. Common
storage facilities from single family developments without a

.Homeowner's Association and with public streets shall have
maintenance provisions determined by the jurisdictional agency. The
number and location of storage facilities within a development is to be
approved by the jurisdictional agency. Dedication to the public may
require the inclusion of recreational facilities or other features deemed
necessary by the jurisdictional agency.

Single lot, non-residential developments that are not served by a public
storage facility shall provide the required storage on the lot itself
without depressing the right-of-way area.

All detention/ retention facilities incorporated within new
developments shall be designed to retain the peak flow and volume of
runoff from the lOa-year, 2-hour duration storm event. Stormwater
detention facilities for watershed areas bigger than 160 acres shall be
designed to ensure that, at a minimum, the post-development laO-year,
2-hour duration peak discharge from the site will not exceed the pre
development conditions (see Figure 8.1, lOa-year 2-hour Isopluvial
Map).

:;:;:::::;:;:::;:::::;:;:::::.;.;.:.:.: ::::;:::::::::;:;:::::;:::::::;:::::;:;:;:;:::;:::;:;:;:::;:;:;:;:;:::::::::::: .: ;.;.; : ;.;.;.:.;.:.;.:.:.:.:.;.;.:.;.;.;.;.;.:.;.;.:.:.:.;.; :::;:::::::::::;:::: :;:;:;:;:::;:::;:;:;:::;::: ::::;:;:;:;:::;:;:;:;:: ::::::::'. ,,:,:,:;::::: .,:::;:.:.:.:;:;:;:::;:::::::;:;:;;::;;::::::;::::::::::::::: ::::::.:::~::::::: .:.:.:.:.:.:.:.:.:.:.:-:.;.:.:::::::::::;:
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Those which do fall within the jurisdiction of ADWR shall comply with 8-18
their applicable design requirements.

Signs should be provided at all designated entryways. They should also 8-23
be provided at intervals (approximately 100 feet) around the peri.D:leter
of the facility to inform visitors who might gain access at other than
designated entrances.

In addition to entry and perimeter signs, signs should be installed
within the facility. These signs should restate the potential flood hazard
and should provide directions for appropriate routes out of the basin
area should flooding occur.

Signs should indicate that rain in the immediate area is not a 8-24
prerequisite for high water levels. They should indicate that storms
elsewhere in the watershed can result in flooding, and in some cases, a
wall of water may enter the fadlity. An interpretive display sign
illustrating this phenomena may be appropriate at each major entrance.

In all facilities, regardless of depth, slopes in flood-prone areas should 8-25
be kept as shallow as possible. This will allow users who find
themselves caught in flooded areas (or users who deliberately enter
flooded areas) to walk out and up to non-flooded zones. It is
recommended that slopes in flood-prone areas not exceed 6 horizontal
: 1 vertical.

In addition to gentle slopes, routes out of flood-prone areas must be 8-26
pr·ovided. Barriers that could trap a user in a flood-prone area must be
avoided. Safe, well-signed exit routes that are negotiable under wet
conditions must be developed.

Extensive use of ~erbiddes in basins where the primary or secondary 8-27
purpose is groundwater recharge is not acceptable.

All applicable requirements of the Health Department and the Arizona 8-30
Department of Water Resources must be met in addition to the normal
review requirements.

Numerous computer software programs (such as HEC-l) have been 8-34
developed for flood routing through detention/retention facilities. Use
of a particular computer program should be approved by the
appropriate jurisdictional agency prior to its application on a particular
project.
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Thedetennination offlood hydrology for designing stormwater fadlities in Maricopa
County is to be performed according to the procedures set forth in the Drainage Design
Manual for Maricopa County, Volume I, Hydrology (hereinafter referred to as the
Hydrology Manual). Deviations from the procedures in the Hydrology Manual require
prior approval from the jurisdictional agency and/or the Flood Control District of
Maricopa County before proceeding with the determination of design hydrology.

However, it is not the intent of the Hydrology Manual to inhibit sound, innovative
analysis, or the utilization of superior technology, or the development of improved
techniques. Therefore, the investigation, development, and use of the best practical
technology for flood hydrology is strongly encouraged in all situations.

The selection of the procedure to be used to define the design flood hydrology is
dependent upon ~he intended application. For small urban watersheds (defined as
less than 160 acres and having fairly uniform land use), the use of the Rational
Method is acceptable. Use of this method will only produce peak discharges and it
should not be used if runoff volume or a complete runoff hydrograph is needed,
such as for routing through detention/ retention facilities. For larger, more complex
watersheds or drainage networks, a rainfall-runoff model should be developed. The
Hydrology Manual provides guidance in the development of such a model and the
estimation of the necessary input parameters to the model.

Although not necessarily required, the use of the U.S. Army Corps of Engineers' HEC-1
Flood Hydrology Program facilitates the use of the procedures that are contained in
the Hydrology Manual, which was written to supplement the HEC-l Users Manual.

All of the hydrology that is required for the design ofstormwater drainage facilities that are
normally encountered can be performed by using the HEC-1 program; this includes the
routing of flood hydrographs through detention/retention structures. The design and
performance of pump stations cannot normally be satisfactorily performed using the
Simplified procedures that are incorporated into the HEC-1 program. Although the in£low

::;:::;:;:;:::;:::;:::::: ; ; ;.;.:.;.:.;.;.;.;.;.;.;.;.;.;.;.;.;.:.:.:.:.; .:.,.:.;.;.;.:.;.;:::;";:;:;:::::;:;:::.: .:.;.;.;.;.;.;.;.:.:.:.:.:.:.;.;.:.'.:.;.;.:.'.:.:.:.: : .

September 1, 1992
:.:.:.;.:.;::::::: ::.:.:.:.:.:.:.:.:.:.:.;.:.:::.:.:.:.:::;.:.....•.... :::::::::::::::::::;:.:.:.;... -....

2-1



Criteria

hydrograph to a pump station can be adequately developed with HEC-l, the
performance and design of pump stations will often require the use of specialized
programs.

i/i:·I::i/:/i/!i:iii!. The Hydrology Manual can be used to develop design hydrology magnitudes for
::::::::: storms of frequencies up to and including the lOO-year event. The design storm is

of 6-hours duration and is to be used for the design ofstormwater drainage facilities
except for detention/retention facilities.

According to the Uniform Drainage Policies and Standards for Maricopa County,
Arizona (25 February 1987), all development shall make provisions to retain the
peak flow and volume of runoff from rainfall events up to and including the
lOO-year, 2-hour duration' storm falling within the boundaries of the proposed
development. The criteria to be applied to the 2-hour storm is provided in the
Hydrology Manual. Table 2.1 outlines the minimum hydrology design criteria for
drainage features.

Iii Master Drainage Planning
:}::~~:::::::: :::::~t

:::i.:i::·::ii:::i: According to the Uniform Drainage Policies and Standards for Maricopa County,
:::}}}::::: Arizona, master drainage planning shall be done in the earliest stages of the planning

process. A master drainage plan incorporates the hydrological analysis for on-site
and off-site runoff and outlines the recommended plan for drainage and the course
of action for implementation.

Master drainage planning can be encountered on both basin-wide and local scales.
When undertaking a basin-wide plan, the designer must comprehensively evaluate
practical alternatives to find the most cost-effective solution for the general public.
Modifications can result from land-use driven decisions that are more costly;
however, these additional costs are considered "developer costs" by most agencies.
When preparing master drainage plans for local development, the designer shall
illustrate conformance with basin-wide master drainage plans where they exist, or
shall demonstrate that the plan will not increase extraordinarily the cost of provid
ing basin-wide drainage for the local agency or the District.

.The master planning process begins with the conceptual layout of the drainage
system, which includes both large and small drainage facilities.

All drainageway entrance and exit points in the proposed development must
remain in the original location and-as near as possible-in the original condition.

In many areas about to be urbanized, the runoff has been so minimal that natural
channels do not exist. However, surface depressions normally exist and will provide
an excellent basis for the initial siting of open channels. This condition is also true
for open channels that are to be used primarily for road or highway drainage.

•

•

•
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Table 2.1
Hydrology Design Criteria

Peak Frequencies

Drainage Feature 10 Year 50 Year 100 Year

Street with Curb and Gutter Runoff contained within N/A Runoff to be contained
street curbs. below the finished floor of

building.
For collector and arterial
streets one 12-foot dry Qmax = 100 cfs
driving lane must be Vmax = 10 fps
maintained in each dmax = 8inches above
direction. the centerline of the

street.

Street without Curb and Gutter Runoff contained within N/A Same as Street with Curb
the roadside channels with and Gutter.
the water surface elevation
below the subgrade.

Street with Storm Drain System Pipes or roadside N/A Storm drains are used if
channels are added if the 1OO-year runoff inundates
1O-year runoff exceeds the building's first floor.
street capacity.

Cross Road Culvert for N/A Runoff to be conveyed by Runoff to be conveyed by
Collector and Arterial Streets culvert under road with no culvert and by flow over

flow overtopping the road. the road with maximum
6-inch flow depth over the

Vmax = 15 fps road.
Vmin = 2.5 Ips

FEMA Floodplain Channell') N/A N/A 1OO-year peak storm

Channel to Convey Offslte Flow N/A N/A 1OO-year peak storm
Through Development

Finish Floor Elevation for N/A N/A Minimum finish floor
BUildings within aFEMA elevation to be 1foot
Floodplain Area above the floodplain water

surface elevation.

Finish Floor not in aFEMA N/A N/A The finish floor will be free
Floodplain from inundation for the

1OO-year peak storm event.

Retention Basin N/A N/A 1OO-year 2-hour storm for
determining on-site
retention volume.

(1) Per ARS 48-3609.A, dunng the course of the Master Planning process, the 1OO-year runoff will be used to delineate a
floodplain for major channels with discharges of more than 1,000 cfs and will be processed through the local government,
ADWR, and FEMA.

September 1, 1992 2-3



Master plans illustrate selected alternatives, including the footprint of facilities or
land uses, approximate sizes, and physical impact on the land. General require
ments for structures and their overall size and impact are also determined during
the master planning phase; however, detailed selection of structure types, sizing of
riprap, structural design, and selection and detailing of peripheral elements (inlets,
trash racks, fencing, etc.) are completed in later phases using the criteria outlined
in this manual.

•

•

•
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a =
A =
Co =
Cw =

d =

di =

do =
E =

Eo =

Fs =

g =
h =

L =

LT =

n =
p =

Q =

Qcap =

III

This chapter provides design guidelines for the drainage of streets using curbs and
stormdrain catch basins.

.:.:.:.:.:.:.:.:.::: .
::::::::;:;:;:::;:;::::;::::::::

':,1,1*,1:': Definition of Symbols

1IIIillll1Ilili'lil:1,ili::; The following symbols will be used in equations throughout Chapter 3.

Gutter depression, inches

Clear opening area, ft2

Orifice coefficient = 0.67

Weir coefficient

Depth at curb measured from the normal cross slope, ft (i.e., d =TSx)

Depth at lip of curb opening, ft

Effective depth at the center of the curb opening orifice, ft

Hydraulic efficiency of an inlet shorter than the length required for

total interception (Qi/Qo)

Ratio of flow in the depressed section to total gutter flow

Gutter capacity reduction factor (see Figure 3.4)

Gravity, 32.2 ftl s2

Height of curb opening catch basin, curb opening orifice, or orifice

throat width, ft

Length of curb opening, grate, or slot, ft

Curb opening length required to intercept 100 percent of the gutter

flow, ft

Manning's roughness coefficient (0.016)

Perimeter of the grate, disregarding bars and side against the curb, ft

Total gutter flow

Allowable flow rate per gutter, cis

September 1, 1992
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Streets

Qi =
Qs =
Qt =
Qw =
S =
Se =
Sw =
Sx =
T =
V =
Vo =
W =
Y =
z =

Amount of street flow caught by an inlet, ds
Flow in paved area, ds
Theoretical gutter carrying capacity, ds
Flow in width W, ft3 I s
Longitudinal street slope, ftl ft

Equivalent cross slope, ftl ft

Cross slope of the gutter with composite cross slopes, ftl ft

Pavement cross slope (a/12W), ftl ft
Allowable spread, ft

Velocity of flow in the gutter, ftl s
Gutter velocity where splash-over first occurs (see Figure 3.27, page 3-42), ft/s
Width of depression, depressed gutter or grate, or slot, ft
Depth of flow, ft

Reciprocal of the pavement cross-slope, 1ISXI ftl ft

•

.:.:::;:::::::::'.
:.::::

..

:iililijiji:jjjii:: ::11 Urban streets with curbs and gutters serve as an important and necessary drainage
: service, even though their primary function is for the movement of traffic. Traffic

and drainage uses are compatible up to a point, beyond which drainage is, and must
be, subservient to traffic needs.

Gutter flow in streets is necessary to transport runoff water to storm catch basins
and to major drainage channels. Good planning of streets can substantially help in
reducing the size of, and sometimes eliminate the need for, a storm drain system in
newly urbanized areas.

An overall approach to storm runoff management includes using the street system
to transport runoff to catch basins and to transport runoff from storms that are
greater than the storm drain capacity.

Freeways and similar types of roadways are not addressed in this manual.

3.2.1 Design Criteria for Streets and Gutters

3.2.1.1 Design Frequency: Storm drainage within a street system serves two
primary objectives:

1. Remove nuisance flows from pavement during frequent return period storms
to maintain safe and efficient movement of traffic.

2. Protect adjacent properties from damage caused by large, infrequent storms.

The function of removing nuisance flows from pavement is based on providing
storm drain catch basins at points where maximum depth or driving lane inunda
tion criteria are reached.

•

•
;::: .::::.:.:.:.:.:,';.:.:.;.:.:.:.:.;.:.:::::.:.:.;.:.:.:-:.;.;.:-: :.'.:.:.:.;.:.:.:.;.:.:.;.:.;.:.:.;.;.:.;.;.:.: ', :::::::::;:::::;:;:;:;:::::::::::::::::.:::;:::::::::;:::::.::::::::::::: .
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Street Drainage

Storm drain system design is based on the design storm. The design storm is the
storm associated with the governing return period for longitudinal street flow from
Table 3.1. In the upper reaches of a system the lO-year criteria will govern. Farther
downstream in the system, the stormdrain system design for the IO-year storm may
not meet the criteria stated for the IOO-year storm. Storm drains will then need to
be upsized to meet the lOO-year criteria. Both return periods need to be checked to
determine which condition governs. The storm condition governing design at any
point is the design storm.

3.2.1.2 Pavement Encroachment: The following sections present spedfic design
requirements for storm drainage on urban type streets for the design storm. Typical
street sections used in Maricopa County are presented in Figure 3.1. Detenn.;nation of
street carrying capacity for the design storm shall be based upon two considerations:

1. Pavement encroachment and depth for computed theoretical flow conditions.

2. An empirical reduction of the theoretical allowable rate of flow to account for
practical field conditions.

The storm drain system should commence at or prior to the point where the
maximum encroachment and/ or depth is reached, and should be designed on the
basis of the design storm. The final design must meet both the lO-year and lOO-year
criteria set forth in Table 3.1. .

The preceding criteria is established for new construction. Changes to an existing
system, or a retrofit situation may not be able to meet the lO-year criteria, however,
any changes to a system should meet the lOO-year storm criteria.

3.2.1.3 Theoretical Capacity: When the allowable pavement encroachment has
been determined, the theoretical gutter carrying capacity shall be computed using
the modified Manning's formula for flow in a shallow triangular channel, as shown
in Figure 3.2 or as expressed in Equation 3.1:

(3.1)

. Table 3.1
Design Storm Frequencies for Street Dralnage(1)

Longitudinal Street Flow Event

No curb overtopping. Maintain one dry 12-foot driving lane in 10 yearlO::j

each direction for collector and arterial streets.

Flow to be calculated assuming contained between buildings 100 year
with: 100 cfs maximum flow.

10 fps maximum velocity.
Maximum 8 inches above centerline recommended.

(1) No new Inverted crown streets.
(2) 2year for City of Phoenix.

:::::::::::::::: :::::;:::::::::::::: .;.; :.:.:.:.:.;.;.;.;.;.;.;.:.:.:.;.;.:.:.;.:.;.;.;.:. :::::;:::::;:::::::::::::::::::;:::;:;:::::: ::::::::::::::::::::::;.:.;:::::::::::::;.;::::::::;::::::::::;.:.:
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Street Drainage
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Given:
n = 0.016 Sx = 0.03
S =0.04 T =6 ft

Find:
Q = 2.4 ft3ts
Qn = 0.038 ft3ts

T (FT)

2

4

1) For V-shape, use the nomograph with

Sx1 Sx2
Sx = (Sx1 + Sm

2) To determine discharge in gutter with composite
cross slopes, find Qs using Ts and Sx. Then, use
Figure 3.23 (page 3-38) to find Eo. The total dis-

. as
charge IS a = (1 _ Eo) , and Ow = 0- Os·

Ot = (0.~6JS~67 S5 t,67

Example:
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Figure 3.2
Nomograph for Triangular Gutters

(source: FHWA, 1984, HEC-12, Chart 3)
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Streets

Equation 3.1 can also be expressed as:

(z) V2 8~Qt = 0.56 -;; S Y

Typical gutter configurations from Maricopa Association of Governments (MAG)
are shown in Figure 3.3. Figure 3.2 may be used for all gutter configurations. To
simplify computations, graphs for particular street shapes may be plotted.

An n value of 0.015 or 0.016 shall be used for street flow unless special considera
tions exist.

3.2.1.4 Reduction Factors: The gutter capacity from Figure 3.2 is based on the
theoretical capacity of a clean, unobstructed, continuous gutter section. In reality,
parked car tires in the gutter and debris cause obstructions to flow. Driveways,
alleys, and curb cuts cause discontinuities in the flow. When water flowing in a
gutter encounters an obstruction or discontinuity, it is deflected out of the gutter
into the street section. If the velocity is high enough, the flow diverted out of the
gutter will flow across the street crown to the gutter on the opposite side. If an inlet
is located just downstream of the obstruction the water will flow past the inlet
without being intercepted. Gutter capacity reduction factors are established to limit
velocities and reduce the lane encroachment caused. by water deflected into the
street and to allow adequate capacity for unanticipated inlet bypass flows caused
by obstructions.

The actual flow rate allowable per gutter shall be calculated by multiplying the
theoretical capacity by the corresponding factor, obtained from Figure 3.4. Dis
charge curves can be developed for standard streets by plotting the solution of the
following equation (Qcap vs. S) for a range of longitudinal slopes with the applicable
gutter capacity reduction factor from Figure 3.4 applied to the theoretical gutter
capacity computed for each slope.

•

•
(3.2)

3.2.1.5 Transition at Curb and Gutter End: Where curband gutter sections end,
care must be taken to transition the gutter flow into the receiving ditch or channel
to prevent scour. When the flow encounters a widening in the channel cross section,
it spreads at approximately 4:1 (longitudinal to transverse). A concrete or rock
riprap apron should be provided to protect the receiving channel or ditch and
spread the flow until the velocity is below the maximum allowable velodty for the
channel material.

3.2.2 Design Criteria for Intersections
Figure 3.5 is a typical illustration of the variations in grade when local streets
intersect. When local streets intersect arterial or collector streets, the grades of the
arterial or collector street should be continued uninterrupted.

When collector and arterial streets intersect, the grade of the more major street
should be maintained as much as possible. For drainage purposes, no form of valley •
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Figure 3.3

Detail for Curbs and Gutters
(Adapted from MAG Standards)
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gutter should be constructed across an arterial street. Infrequently, with agency
approval, valley gutters may be considered on collector streets.

Conventional valley gutters may be used to transport runoff across local streets
when a storm drain system is not required and when approved by the governmental
agency. The valley gutter should be sufficient to transport the runoff across the
intersection with encroachment equivalent to that allowed on the street.

3.2.2.1 Theoretical Capacity: The theoretical carrying capacity of each gutter
approaching an intersection shall be calculated based upon the effective slopeJ as
outlined herein.

Continuous Grade Across Intersection: When the gutter slope will be continued
across an intersection-as when valley gutters are in place-use the slope of the
gutter flow line crossing the street to calculate capacity.

Flow Direction Change at Intersection: When the gutter flow must undergo a direc
tion change at the intersection greater than 45 degrees, the slope used for calculating
capacity shallbe the effectivegutterslope, defined as the average of the gutter slopes
at afeet, and 50 feet upstream from the point of direction change.

Flow Interception by Inlet: When the gutter flow is intercepted by an inlet on con
tinuous grade at the intersection, the effective gutter slope shall be utilized for
calculations. Under this condition, the points for averaging shall be afeet, 25 feet,
and 50 feet upstream from the inlet.

3.2.2.2 Allowable Capacity:

The allowable carrying capacity for gutters approaching an intersection shall be
calculated by applying the reduction factor found in Figure 3.4 to the theoretical
capacity. The grade used to determine the reduction factor shall be the same
effective grade used to calculate the theoretical capacity.

Special Considerations for Business Areas and Heavily-used Pedestrian Areas: In highly
concentrated business areas where large volumes of pedestrian traffic are likely,
consider using walk-over curbs (where the pavement grade is raised to match the
curb elevation at the crosswalk) at intersections. Ifused, however, two catch basins
would be required at nearly every corner as flow may not be allowed to continue
around the corner. For the storm frequency being contemplated, the effect water
may have on pedestrian walking area should be compatible with that on streets.
Based upon vehicular traffic use in a business area all streets would probably be
classified as collector or arterial, requiring a minimum of one water-free travel lane
in each direction. The walk-over curbs should be available for limited pedestrian use.

Where concentration of pedestrians occurs, depth and area limitations may need
modifications. As an example, streets adjacent to schools are arterials from a
pedestrian standpoint and should be designed accordingly. Designing for
pedestrian traffic is as important as designing for vehicular traffic. Ponding water
and gutter flow wider than two feet is difficult for pedestrians to negotiate.
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Where business buildings are constructed to property lines, the reduced clearance
between buildings and heavy traffic must be considered. Splash from vehicles
striking gutter flow may damage store fronts and make walking on sidewalks
difficult.

Although not a necessity in manybusiness areas, highly concentrated business areas
should be designed to use reduced allowable pavement encroachment area and
inundated areas, raised walk-over curbs at intersections, or additional catch basins
to intercept flow before it reaches intersections. Generally, storm drains should be
installed in these areas even if other criteria do not so indicate.

3.2.3 Design Criteria for Roadside Ditches
Roadside ditches are commonly used in rural areas to convey runoff from the
highway pavement, and from areas which drain toward the highway. Where
practicable, the flow from major areas draining toward curbed highway pavements
should be intercepted by ditches.

The following criteria pertain to the design of open channels along roadsides. For
additional criteria for open channels, see Chapter 5.

3.2.3.1 Permissible Use: Roadside ditches adjacent to public streets are dis
couraged in urban areas and require approval from the governing municipality.
When they are allowed, adhere to the criteria outlined in this section.

3.2.3.2 Street Capacity for the Design Storm: Depth of flow in roadside ditches
for the design storm shall be limited to preclude saturation of the adjacent roadway
subgrade. Where curbs exist and roadside ditches are used in lieu of storm drains,
catch basins or scuppers should be provided as needed to drain the pavement into
the drainage ditch while meeting the criteria set forth in Table 3.1.

3.2.3.3 Geometry: Geometric considerations in the design of channel cross-sec
tions should incorporate hydraulic requirements for the design discharge, safety,
minimization of right-of-way acquisition, economy in construction and main
tenance, and good appearance.

Channel side slopes should be as mild as practical. Slopes should be no steeper than
4:1 where terrain and right-of-way permit. The advantages of mild slopes are that
the potential for erosion and slides is lessened, maintenance is eased, and the safety
of errant vehicles is enhanced. Safety considerations are subject to the requirements
of the local jurisdiction.

Trapezoidal channel bottoms should be a minimum of 4-feet wide for maintenance
purposes. V-shaped channels may also be used when approved by the governing
municipality.

Local soil conditions, flow depths, and velocities within the channel are usually the
primary hydraulic considerations in channel geometric design; however, terrain
and safety considerations have considerable influence. Steeper side slopes of rigid,
lined channels may be more economical and will improve the hydraulic flow
characteristics. The use of steeper slopes is normally limited to areas with limited
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2'
min.

min.

Figure 3.6
Crown Ditch

(Hillside Cuts Only)

right-of-way where the hazard to traffic can be minimized through the use of
guardrails or parapets.

3.2.3.4 Rural Crown Ditch: In mountainous terrain where large cuts are re
quired, crown ditches constructed on top of the cut embankment will intercept
runoff preventing it from eroding the face of the cut slope. A typical crown ditch is
shown in Figure 3.6.

..0:::;:::::::::::;:::::

Proper surface drainage of streets and highways may require intercepting excess
flows with stormwater catch basins. A stormwater inlet or catch basin is an opening
into a storm drain system to permit entrance of surface storm runoff. The most
upstream catch basin in the system should be placed as far downstream as possible,
because as soon as the runoff enters the pipe system, it is carried rapidly
downstream which tends to reduce the time of concentration. The placing of catch
basins is dictated by street encroachment and flow depth criteria (see Table 3.1).

•

•

3.3.1

3·12

Catch Basin Types
There are four categories of catch basins:

» curb opening catch basins

» grated catch basins

» combination catch basins

» slotted drain catch basins

September 1, 1992
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Catch basins may be further classified as being on a continuous grade or in a sump.
The continuous grade condition exists when the street grade is continuous past the
catch basin and the water can flow past. The sump condition exists whenever water
is restricted to the catch basin area because the catch basin is located at a low point.
This may be due to a change in grade of the street from positive to negative or due
to the crown slope of a cross street when the catch basin is located at an intersection.

Two or more catch basins placed close to each other may act as one hydraulic unit.

3.3.1.1 Curb Opening Catch Basins: Curbopeningcatchbasins(Figure3.7a)are
best for use when a sump condition exists. Although a curb opening catch basin will
not guarantee against plugging by debris, it is the most desirable type of cat<;::h basin.

A curb opening catch basin is a vertical opening in a curb through which the gutter
flow passes. For safety reasons, the vertical opening should not be greater than 6
inches. The gutter may be undepressed ordepressed in the area of the curb opening.
The capacity of the curb opening is significantly increased by depressing the
opening. Permissible curb opening catch basins are contained in the Maricopa
Association of Governments (MAG) Standard Details. All details and inlet types
must be approved by the governing municipality. A characteristic of the curb
opening catch basin is its relative inefficiency on streets of steep grade. Therefore,
curb opening catch basins that are 5 feet long or less are not recommended on
continuous grades. Longer catch basins can be quite efficient, however, and should
be considered for use on streets with slopes up to 1.0 percent.

3.3.1.2 Grated Catch Basin: 'Grated' or 'gutter' catch basin refers to an opening
in the gutter covered by one or more grates through which the water falls (see Figure
3.7b). As with other catch basins, grated catch basins may.be either depressed or
undepressed and are more efficient than curb opening catch basins when located
on a continuous grade. Permissible grated catch basins are contained in the MAG
Standard Details. Other details must be approved by the governing municipality.

When grated catch basins are used, the engineer should design them to optimize
hydraulic efficiency, bicycle and pedestrian safety, structural adequacy, economy,
and freedom from clogging (see Combination Catch Basin, below, for recommenda
tions).

3.3.1.3 Combination Catch Basin: A combination catch basin is composed of a
curb opening and a grated catch basin acting as a unit (see Figure 3.7c). Usually the
gutter opening is placed adjacent to the curb opening. As with other catch basins,
a combination catch basin may be either depressed or undepressed and located in
a sump or on a continuous grade.

For the widest range of conditions, the combination catch basin is the most efficient
type of storrnwater catch basin for hydraulic interception capabilities and elirninat
ing debris clogging. Perrnissible combination catch basins are contained in the MAG
Standard Details. Other details must be approved by the governing municipality.

:::::::::::::::::::::::; :::::..•....
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(a) Curb Opening catch Basin Inlet •

(b) Grated Catch Basin Inlet

(c) Combination Catch Basin Inlet •

(d) Slotted Drain catch Basin Inlet

FIgure 3.7
Catch Basin Inlets
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3.3.1.4 Slotted Drain Catch Basins: A slotted drain (Figure 3.7d) is a slot open
ing in the pavement which intercepts sheet flow and conveys it through a cor
rugated steel pipe. Slotted drains are most effective when street slopes are shallow.

3.3.2 Catch Basin Applications
The following general recommendations are made for different types ofstormwater
catch basins.

3.3.2.1 Sump Conditions

True Sump: Depressed curb opening catch basins are recommended for true sump
conditions. Each true sump should be reviewed to determine if the area affected by
ponding is within acceptable limits. The ponding caused by the lOa-year flow
should also be checked to assure that the lOa-year inundation criteria are met. True
sumps should be designed with care, considering the flow path that will be taken
by flows in excess of the design flow. In some cases a drainage easement may be
necessary to prevent damage to adjacent property during storms in excess of the
design storm or in case of total blockage of the inlet by debris. Placement of an inlet
should not make conditions worse than they were before. This is an important
consideration in retrofit situations.

Sumps Formed by Crown Slope of Cross-Street at Intersection: Curb opening catch
basins are recommended for these conditions, although combination catch basins
may be used successfully. Conditions need to be checked to prevent a small amount
of ponding from causing excessive lane encroachment or storm runoff flowing over
the crown of the cross street and continuing down the gutter.

3.3.2.2 Continuous Grade Conditions: Curb opening catch basins should be
used on continuous grades, unless otherwise approved by the governing
municipality. Inlet spacing should be limited to a maximum of 660 feet for collection
of nuisance flows.

3.3.2.3 Shallow Sheet Flow Condition: Slotted drains may be used as permitted
by the governing municipality.

3.3.2.4 Large Inlet Inflows: In areas where large inflows are admitted into the
storm drain system, hazards may be introduced to vehicular and pedestrian traffic
due to large depths and velocities. Special consideration should be given to design
of large inlet facilities. When possible, large inlet facilities should be located off of
the roadway and provided with trash racks and fencing to improve safety.

3.3.3 Allowable Catch Basin Capacities
The inlet capacity reduction factors, also called clogging factors, outlined in Table
3.2 should be applied to the theoretical calculated capacity of catch basins based
upon their type and function. The reduction factors compensate for effects which
decrease the capacity of the catch basin such as debris plugging, pavement overlay
ing, and in variations of design.

September 1, 1992
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Table 3.2
Reduction Factors to Apply to Catch Basins

Condltloh Inlet Type Reduction Factor

Sump Curb Opening 0.80
Sump Grated 0.50
Sump Combination 0.65
Continuous Grade Curb Opening 0.80
Continuous Grade Longitudinal Bar Grate 0.75

Longitudinal Bar Grate with recessed
transverse bars 0.60

Continuous Grade Combination(1
) Apply factors separately to grate and

curb opening
Shallow Sheet Flowl~) Slotted Drains 0.80

(1) See Section 3.3.4.3, Combination Catch Basins.
(2) Slotted drains are most effective for shallow sheet flow conditions. With greater depths and flows, a

different type of inlet should be used.

The allowable capacity of a catch basin should be determined by applying the
applicable factor from Table 3.2 to the theoretical capadty calculated in accordance
with the appropriate design charts.

The percentage of theoretical capacity allowed may be even lower when the catch
basin is likely to intercept large amounts of sediment or debris. For instance, the
first catch basin to a pipe network draining a high debris-yielding area may actually
accept only 20 percent of the theoretical capacity allowed because of clogging.
Sediment traps should not be designed into the catch basin. Asediment trap formed
by lowering the floor of the catch basin below the elevation of the outlet pipe is
unnecessary and undesirable since there is too much turbulence for effective
trapping at design flow rates, and cleaning is costly. Catch basins should be self
scouring, even under low-flow conditions.

3.3.4 Design Procedures
Figures 3.9 to 3.19 (pages 3-24 to 3-34) are capacity curves for standard catch basins.
When designing a nonstandard catch basin, use the equations and procdures out
lined herein. The approval of the governing municipality should be obtained before
designing a nonstandard catch basin. The procedures and equations in this section
are adapted from the Federal Highway Administration Hydraulic Engineering
Circular No. 12 (HEC-12), Drainage of Highway Pavements (FHWA, 1984). Refer to
Section 3.1 for definitions of coefficients used in the following equations.

•

•

3.3.4.1 Curb Opening Catch Basins

On-Grade: The length of curb opening catch basin required for total interception
of gutter flow on a pavement section with a straight cross slope is expressed as:

( J
O.6

LT = 0.6Q 0.42 5 0.3 _1_
nSx

(3.3) •
3·16
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The effidency of curb opening catch basins shorter than t~e length required for total
interception is:

(

L )1.8
E = 1- 1- LT

(3.4)

Figure 3.20 (page 3-35) is a nomograph for the solution of Equation 3.3; Figure 3.21
(page 3-36) provides a solution of Equation 3.4.

The length of catch basin required for total interception by depressed curb opening
catch basins or curb openings in depressed gutter sections can be found by using
an equivalent cross slope, Se, in Equation 3.5.

(3.5)

The length of curb opening required for total interception can be significantly
reduced by increasing the cross slope or the equivalent cross slope. The equivalent
cross slope can be increased by use of a continuously depressed gutter section or a
locally depressed gutter section.

Using the equivalent cross slope, SeJ Equation 3.3 becomes:

LT = 0.6Q 0.425 °.3 (_1_)0.6
nSe

(3.6)

Equation 3.4 is applicable with either straight cross slopes or compound cross
slopes. Figures 3.20 and 3.21 are applicable to depressed curb opening catch basins
using Se rather than Sx.

Equation 3.5 uses the ratio Eo in the computation of the equivalent cross slope, Se'
Figure 3.22 (page 3-37) can be used to determine spread, and then Figure 3.23 (page
3-38) can be used ~o determine Eo.

Sumps: The capadty of a curb opening catch basin in a sump depends on water
depth at the curb, the curb opening length, and the height of the curb opening. The
catch basin operates as a weir for depths of water up to the curb opening height and
as an orifice at depths greater than 1.4 times the opening height. At water depths
between 1.0 and 1.4 times the opening height, flow is in a transition stage.

The weir location for a depressed curb opening catch basin is at the edge of the
gutter, and the effective weir length is dependent on the width of the depressed
gutter and the length of the curb opening. The weir location for a curb opening catch
basin that is not depressed is at the lip of the curb opening, and its length is equal
to that of the catch basin. Limited experiments and extrapolation of the results of
tests on depressed catch basins indicate that the weir coefficient for curb opening
catch basins without depression is approximately equal to that for a depressed curb
opening inlet.
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The equation for the interception capacity of a depressed. curb opening catch basin
operating as a weir is: . •
where Cw = 2.3.

Qi = Cw (L + 1.8W) d l.S (3.7)

The weir equation is applicable for water depths at the curb less than or ap
proximately equal to the height of the opening plus the depth of the depression.
Thus, the limitation on the use of Equation 3.7 for a depressed. curb opening catch
basin is:

d :s; h + 1
a
2

Experiments have not been conducted. for curb opening catch basins with a con
tinuously depressed. gutter, but it is reasonable to expect that the effective weir
length would be as great as that for a catch basin in a local depression. Use of
Equation 3.7 will yield conservative estimates of the interception capacity.

The weir equation for curb opening catch basins without depression (W = 0) becomes:

Qi = Cw Ld 1.5

where Cw = 3.0.

The depth limitation for operation as a weir becomes: d:s; h.

(3.8)

•
Curb opening catch basins operate as orifices at depths greater than approximately
l.4h. The interception capadty can be computed. by Equation 3.9:

(3.9)

where Co = 0.67.

Equation 3.9 is applicable to depressed and undepressed. curb opening catch basins
and the depth at the catch basin includes any gutter depression.

Height of the orifice in Equation 3.9 assumes a vertical orificeopening. As illustrated.
in Figure 3.8, other orifice throat locations can change the effective depth on the
orifice and the dimension (di - h/2). A limited. throat width could reduce the
capadty of the curb opening catch basin by causing the catch basin to go into orifice
flow at depths less than the height of the opening.

Figure 3.24 (page 3-39) provides solutions for Equations 3.7 and 3.9 for depressed. curb
opening catch basins, and Figure 3.25 (page 3-40) provides solutions for Equations 3.8
and 3.9 for curb opening catch basins without depression. Figure 3.26 (page 3-41) is
provided. for use for curb openings with inclined or vertical orifice throats. •
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do =dj - h/2

(a) Horizontal Throat

Q = O.67hL--J2gdo
L=Length of opening

do =dj - (h/2)sine

(b) Inclined Throat

I-h- (c) Vertical Throat

FIgure 3.8
Curb Opening Catch Basin Inlets

(modified from FHWA, 1984, HEC·12, Rgure 21)
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3.3.4.2 Grated Catch Basins
On-Grade: Grated catch basins intercept all of the frontal flow until "splash over" (the
velocity at which water begins to splash over the grate) is reached. At velocities greater
than splash over, grate efficiency in intercepting frontal flow is diminished. Grates also
intercept a portion of the flow along the length of the grate, or the side flow, dependent
on the cross slope of the pavement, the length of the grate, and flow velocity.

The ratio of frontal flow to total gutter flow, Eo, for a straight cross slope is:

•
Q (W)2.67

Eo = Q= 1- 1-y
(3.10)

Figure 3.23 (page 3-38) provides a graphical solution of Eo for either straight cross
slopes or depressed gutter sections.

The ratio of side flow, Qs, to total gutter flow is:

This ratio is equivalent to frontal flow interception effidency. Figure 3.27 (page 342)
provides a solution of Equation 3.12 which takes into account grate length, bar
configuration and gutter velocity at which splash-over occurs. The gutter velocity
needed to Use Figure 3.27 is total gutter flow divided by the area of flow.

The ratio of frontal flow intercepted to total frontal flow, Rf, is expressed:

Rf = 1-0.09 (V - Vo)

(3.11)

(3.12)

•
The ratio of side flow intercepted to total side flow, RS1 or side flow interception
efficiency, is:

RS=( 1 J0.15V 1.8
1 + 2.3

SxL

Figure 3.28 (page 3-43) provides a solution of Equation 3.13.

(3.13)

A deficiency in developing empirical equations and charts from experimental data
is evident in Figure 3.28. The fact that a grate will intercept all or almost all of the
side flow where the velocity is low and the spread only slightly exceeds the grate
width is not reflected in the figure. Error due to this deficiency is very small. In fact,
where velocities are high, side flow interception can be neglected entirely without
significant error.

The efficiency, E, of a grate is:

(3.14) •
:;:::

3·20
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The first term on the right side of Equation 3.14 is the ratio of intercepted frontal
flow to total gutter flow, and the second term is the ratio of intercepted side flow to
total side flow. The second term is insignificant with high velocities and short grates.

The interception capacity of a grate catch basin on grade is equal to the efficiency
of the grate multiplied by the total gutter flow:

(3.15)

Sumps: The efficiency of catch basins in passing debris is critical in sump locations
because all runoff which enters the sump must be passed through the catch basin.
Total or partial clogging of catch basins in these locations can result in hazardous
ponding conditions. Grate catch basins alone are not recommended for use in sump
locations because of the tendencies of grates to become clogged. Combination catch
basins or curb-opening catch basins are recommended for use in these locations.

A grate catch basin in a sump location operates as a weir to depths dependent on
the bar configuration and size of the grate and as an orifice at greater depths. Grates
of larger dimension and grates with more open area, i.e., (with less space occupied
by lateral and longitudinal bars), will operate as weirs to greater depths than smaller
grates or grates with less open area.

The capacity of grate catch basins operating as weirs is:

Qi = Cw Pd 1.5

where Cw = 3.0.

The capacity of a grate catch basin operating as an orifice is:

where Co = 0.67.

(3.16)

(3.17)

•

Use of Equation 3.17 requires the clear opening area of the grate. Tests ofthree grates
for the Federal Highway Administration showed that for flat bar grates, such as
P-1-7/8-4 and P-1-1/8 grates, the clear opening is equal to the total area of the
grate less the area occupied by longitudinal and lateral bars.

Figure 3.29 (page 3-44) is a plot of Equations 3.16 and 3.17 for various grate sizes.
The effects of grate size on the depth at which a grate operates as an orifice is
apparent from the chart. Transition from weir to orifice flow results in interception
capacity less than that computed by either the weir or the orifice equation. This
capacity can be approximated by drawing in a curve between the lines representing
the perimeter and net area of the grate to be used.
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3.3.4.3 Combination Catch Basins
On-Grade: The interception capacity of a combination catch basin consisting of a
curb opening and grate placed side-by-side is not appreciably greater than that of
the grate alone. Capacity is computed by neglecting the curb opening. A combina
tion catch basin is sometimes used with the curb opening or a part of the curb
opening placed upstream of the grate. The curb opening in such an installation
intercepts debris which might otherwise clog the grate and has been termed a
"sweeper" by some. A combination catch basin with a curb opening extending
upstream of the grate has an interception capacity equal to the sum of the grated
catch basin and the portion of the curb opening inlet upstream of the grate. The
frontal flow and thus the interception capacity of the grate is reduced by the flow
intercepted by the curb opening.

Sump: Combination catch basins consisting of a grate and a curb opening are
considered advisable for use in sumps where hazardous ponding can occur. The
interception capacity of the combination catch basin is essentially equal to that of a
grate alone in weir flow unless the grate opening becomes clogged. In orifice flow,
the capacity is equal to the capacity of the grate plus the capacity of the curb opening.

Equation 3.16 or Figure 3.29 can be used for weir flow in combination catch basinS
in sump locations. Assuming complete clogging of the grate, Equations 3.7/3.8/ and
3.9/ or Figures 3.24/ 3.25/ and 3.26 for curb-opening catch basins are applicab.1e.

Where depth at the curb is such that orifice flow occurs, the interception capacity
of the catch basin is computed by adding Equations 3.17 and 3.9:

'.

•(3.18)

Trial and error solutions are necessary for depth at the curb for a given flow rate
using Figures 3.29/ 3.24/ and 3.25 or 3.26 for orifice flow.

3.3.4.4 Slotted Drain Catch Basins
On-Grade: Wide experience with the debris handling capabilities of slotted drain
catch basins is not available. Deposition in the pipe is the problem most commonly
encountered; however, the catch basin is accessible for cleaning with a high pressure
water jet.

Slotted drain catch basins are effective pavement drainage catch basins which have
a variety ofapplications. They can be used on curbed or uncurbed sections and offer
little interference to traffic operations.

Flow interception by slotted drain catch basins and curb opening catch basins is
similar in that each is a side weir and the flow is subjected to lateral acceleration
due to the cross slope of the pavement. Analysis of data from the HEC-12 tests of
slotted drain catch basins with slot widths greater than or equal to 1.75 inches
indicates that the length of the slotted drain catch basin required for total intercep
tion can be computed using Equation 3.3. Figure 3.20 is therefore applicable for both
curb opening catch basins and slotted drain catch basins. Similarly, Equation 3.4 is •
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also applicable to slotted drain catch basins and Figure 3.21 can be used to obtain
the catch basin efficiency for the selected length of the catch basin.

Using Figures 3.20 and 3.21 for slotted drain catch basins is the same as using them
for curb opening catch basins. It should be noted, however, that it is much less
expensive to add length to a slotted drain catch basin to increase interception
capacity than it is to add length to a curb opening catch basin.

Sump: Slotted drain catch basins in sump locations perform as weirs to depths of
about 0.2 it, dependent on slot width and length. At depths greater than about 0.4
it, they perform as orifices. Between these depths, flow is in a transition stage. The
interception capacity of a slotted drain catch basin operating as an orifice can be
computed by Equation 3.19 for a slot width of 1.75 inches:

where:

Qi = 0.8L W(2gd)0.5

d = depth of water at slot, it

d ~ 0.4 it

(3.19)

Equation 3.19 becomes:

Qi = 0.94Ld 0.5 (3.20)

where: d ~ 0.4 it

The interception capacity of slotted drain catch basins at depths between 0.2 and
0.4 feet can be computed by using the orifice equation. The orifice coefficient varies
with depth, slot width, and the length of the slotted drain catch basin.

Figure 3.30 (page 3-45) provides solutions for weir flow, Equation 3.20, and a plot
representing data at depths between weir and orifice flow.

3.3.5 Design Aids
The following inlet capacity curves have been developed using procedures set forth
in HEC-12 and are to be used for selecting Standard MAG inlets for pavement
drainage design in Maricopa County. The curves are developed for a street cross
slope of two percent and do not include reduction factors to account for plugging.

Refer to HEC-12 for design examples and inlet location procedures.

The reduction factors contained in Table 3.2 shall be applied to the theoretical catch
basin capacity from the curves to obtain the interception capacity used for design.

:::::::::::::::::.: :.:.:.:.:.: .
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Street Drainage

Rgure3.28
Grate Inlet Side Flow Interception Efficiency

(source: FHWA, 1984, HEC-12.Chart8)
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This chapter provid.es guidelines for the design of stormdrains and inlets, culverts,
syphons, and entrances and outlets for conduits.

II 'Definition of Symbols

=

=

=

=
=

=

=

\1\1\.\\III\I\I·..!.!i!·IIIII~·1 The following symbols are used in equations throughout Chapter 4.

8g = Angle of the grate with respect to the horizontal, degrees

aj = Angle of the lateral with respect to the outlet conduit, degrees

p = Fluid density, lb/ ft3

'tc = Critical tractive shear stress, lb/ ft2
a = Angle of approach, degrees (see Figure 4.36, page 4-77)

A = Area of the barrel, ft2

Cr = Overtopping discharge coefficient

de = Critical depth, ft
D = Pipe culvert diameter or box culvert depth, ft

Dimensionless Scour Geometry = hs/Yet Ws/Yet Ls/Yet or Vs/Ye
3

(hs, Ws, Ls, and Vs are, respectively, depth, width,

length and volume of scour, and Ye is the effective conduit

flow depth)

Froude number of flow at the culvert outlet

Acceleration due to gravity, 32.2 ft/sec
2

Head loss through a bend of a culvert

Head loss through a trash rack
Head loss through the junction in the main conduit, ft

Head loss due to turning the flow, ft

Velocity head in the upstream conduit, ft•

•
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Hv2 = Velocity head in the downstream conduit, ft
subscripts 1,2, and 3 refer to the upstream pipe, the outlet pipe,

and the lateral pipe, respectively

HWr = Flow depth above the roadway, ft

Xb = Bend loss coefficient

Ke = Entrance loss coefficient

Kg = Dimensionless bar shape factor, equal to:

2.42 - sharp-edged rectangular bars
1.83 - rectangular bars with semi-eircular upstream face

1.79 - circular bars
1.67 - rectangular bars with semi-circular upstream and

downstream faces

Kt = Submergence factor

L = Actual culvert length, ft

Ll = Adjusted culvert length, ft

Ls = Length of the roadway crest along the roadway, ft

LSB = Length of scour basin, ft

n = Manning n value (from the outlet control chart)

nl = Desired Manning value

Q = Rate of flow, ds

t = Time, in minutes

to = Base time used in the experiments to derive coefficients (316

. minutes unless specified otherwise).

V = Velocity, fps

Vo = Outlet mean velocity, fps

2 Modified shear number, ft4/1b-s
2

V /'tc =
Va = Approach channel velocity, fps

Vu = Approach velocity, fps

w = Maximum cross-sectional width of the bars facing the flow, ft

x = Minimum clear spacing between bars, ft

y' = Change in hydraulic grade line through the junction, ft

Ye = Equivalent depth, ft

II Storm Drains

..I::·;.II:·.;!!I.:·:I::::;:I!! In this manual, storm drain system refeffi to the system of inlets, conduits, manholes,
;:;:;:;:;:::;:;:;:::::;:::::::; and other appurtenances which are designed to collect and convey storm runoff from

the design storm to a point of discharge and into a major or regional drain outfall.

•

•

•
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4.2.1

Closed COnduits

Storm drain system design is based on the design storm. The design storm is the
storm associated with the governing return period from Table 3.1 (page 3-3). In the
tipper reaches of a system the lo-year criteria will govern. Farther downstream in
the system, the storm drain system design for the 10-year storm may not meet the
criteria stated for the 100-year storm. Storm drains will then need to be upsized to
meet the 100-year criteria. Both return periods need to be checked to determine
which condition governs. The storm condition governing design at any point is the
design storm.

Interaction of Storm Drain Systems with other Systems
Storm drains will generally serve minor drains and the smaller major drains. Storm
drains typically are not economical for large flows conveyed within the larger major
drains and within regional drains. Therefore, the storm drain system will collect
runoff to a point where storm drains become too large to be economical and will
then discharge into a major or regional drain outfall consisting of a man-made
channel, natural wash, or river..

•

•

4.22 Storm Drain Criteria

4.2.2.1 Maximum Velocity: Consideration should be given to possible pipe
damage, the flow energy and how the system hydraulics will be affected. Large
momentum forces are generated when high velocity flow is directed around bends
and transitions. The conditions at the storm drain outlet should also be considered.

4.2.2.2 Minimum Velocity: Since conduits generallyare designed on the basis of
their capacity when flowing full, or nearly full, the provision ofa velocity adequate
for self-cleansing under these conditions does not necessarily ensure prevention of
deposits at all conditions of flow. Research shows that full flow in a pipe with a
Darcy-Weisbach friction factor of 0.025, at 2 fps, will barely move a coarse sand
particle with a diameter of 1.8 mm.

As the friction factor increases, the scouring velocity decreases. Since the friction
factor increases with decreasing depth of flow in a pipe, equal self-cleansing will
occur in partially full pipes at somewhat less than the criticalvelocity when flowing
full. Equal cleansing ability is computed based on the critical tractive force required
to move a particle through the pipe. A minimum cleansing velocity of 5 fps should
be maintained when possible, however a minimum of 2 fps must be maintained
when it flows at one-half of the design discharge.

4.212.3 HydraulidEnergy Grade Line: Often a closed conduit designed for open
channel flow operates as a pressure conduit. This may result when storm runoff
exceeds that used for design purposes or Simply because junction losses were
underestimated or neglected in the design. In storm drain systems, junctions in
closed conduits can cause major losses in the energy grade line across the junction.
If these losses are not included in the hydraulic design, the capacity of the conduit
may not be adequate for the design flow.

Even though a conduit may be designed to carry stormwater as open- channel flow,
losses at bends and junctions will frequently cause pressure flow to occur for some

:::::::::::::::::::;:::::;:::;:;:;:::::::::;:;:;:::::::;:::;:;:;:::;:;:;:;:;:;:;:::::::;:::;:;:::;:::;:;:;:::::;:::::::::::::::::::::::::::::::::::::::;:;:;:;:::;:;:::;:::;:;:::::::;:::::::::;:::::::::::::::::::::;:;:;::::::::::::::;::;:;:::;:::::;::::::::::::;::;:;:::::::::::::::::::::::::::::::::::::;:::::;:::::::::::::::::::;::::;::::::::;:::;:::;:::::::::::::::::::::::::::::::::::;:::::::::;:;:::;:::::;:::;:::::::::::::::::::::::: ::::;:;:::
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distance upstream of the "loss" area. Situations may occur in steep terrain where
the flow often interchanges between open channel and pressure flows. Because it is
not economical to size conduits to avoid pressure flow under all storm runoff and
flow conditions, it follows that it is reasonable and even necessary to design the
conduits as flowing full. Planned management of stormwater runoff is also easier
to achieve if the hydraulic grade line is kept higher than the crown of the conduit.
The discharge through a circular pipe flowing full is constant for a given pipe
diameter and hydraulic gradient. Once the flowing full discharge is reached in the
pipe, no further runoffcan be admitted to the pipe network. Designing for pressure
flow allows for minimizing the capital expenditure required for a specified level of
protection.

This phenomenon in the field would be evidenced by runoff passing directly over
the catch basin to flow down the street (or overland) until it enters the system
elsewhere. Another indication is waterstanding insumps (detention ponding) until
there is sufficient capacity in the storm drain to adIriit the ponded water. The
designer should size the pipes so that the hydraulic grade line is at or very near 6
inches below the inlet elevation. In so doing, he has provided an "automatic safety
valve" that will prevent additional runoff from entering the pipe network and
causing unforeseen problems at other locations in the system.

Although not always feasible, the recommended procedure is to design storm
drains to flow under pressure. Whether or not the final design is made with the pipe
flowing partially or completely full, the hydraulic grade line should be computed
and displayed on a profile drawing of the conduit. When the hydraulic grade line
rises above ground level, stormwater can be found shooting out of catch basins or
popping manhole covers, which can lead to needless damage and inconvenience to
pedestrian and vehicular traffic.

4.2.2.4 Materials:

All storm drain materials shall be approved by the governing municipality prior
to use.

Table 4.1 lists friction factors for commonly used pipe materials.

4.2.2.5 Sizing: The general procedures for establishing quantities of flow and
horizontal layout are the same for closed conduits flowing either as open channels
or as pressure conduits. Because of the nature of hydraulic elements in circular
conduits, it may be reasonably assumed that open channel flow will occur only
when the flow depth is less than 80 percent of the conduit diameter. Once criteria
have been set, computations may be made to size the conduits and the various
appurtenances.

-

Thedesigner should initially size the pipes to carry excess runoff to meet the 10-year
street encroachment criteria of Table 3.1. Once this runoff has been admitted to the
pipe network, additional runoff can be carried by surcharge in the street to a level
of encroachment allowed by Table 3.1 for the 100-year storm. Hthe encroachment
criteria is exceeded for the 100-year storm, then the pipe sizes should be increased
to carry the extra runoff.

•

•

•
September 1, 1992



•

•

•

Closed ConduIts

Table4.1 .
Values of Effective Absolute Roughness and

Friction Fonnula Coefficients for Closed Conduits

Effective Absolute
Roughness

Conduit Material (Darcy·Welsbach) k, It Mannlng'sn Hazen·Wllliams C

Asbestos cement pipe 0.001 to 0.01 0.011 to 0.Q15 100 to 140
Brick 0.005 to 0.02 0.013 to 0.017 100
Cast iron pipe

Uncoated (new) 0.00085 - 130
Asphalt dipped (new) 0.0004 - 115 to 135
Cement fined &seal coated 0.001 to 0.01 0.Q11 to 0.Q15 130 to 150

Concrete (monolithic)
Smooth forms 0.001 to 0.005 0.012 to 0.014 140

Rough forms 0.005 to 0.02 0.015 to 0.017 120
Concrete pipe 0.001 to 0.01 0.011 to 0.015 100 to 140
Corrugated metal pipe

('l,,2 x 2~ inch corruoations)
Plain 0.1 to 0.2 0.022 to 0.026 -
Paved invert 0.03 to 0.1 0.Q18 to 0.022 -
Spun asphalt lined 0.001 to 0.01 0.011 to 0.Q15 100 to 140

Plastic pipe (smooth) 0.Q1 0.011 to 0.Q15 140 to 150
Vitrified clay

Pipes 0.001 to 0.01 0.011 to 0.Q15 100 to 140
Liner plates 0.005 to 0.Q1 0.013 to 0.017 100 to 140

The system shall be designed so that the hydraulic grade line is at 6 inches below
the inlet elevation.

4.2.2.6 Special Design Considerations: The following considerations are in
tended for use when junction losses are an important design consideration. They
are not intended to be design requirements.

Alignment ofPipe in Manholes: The following discussion applies to the location of
pipes within a manhole to achieve maximum efficiency.

For a§traight through-flow, pipes should be positioned vertically so that they are
between the limits of inverts aligned or crowns aligned. An offset in the plan is
allowable provided the projected area of the smaller pipe falls within that of the
larger. Aligning the inverts ofthe pipes is probably the most efficientas the manhole
bottom then supports the bottom of the jet issuing from the upstream pipe.

When two inflowing laterals intersect a manhole, the alignment should be quite
different. If lateral pipes are aligned opposite one another so the jets may impinge
upon each other, the magnitude of the losses are extremely high. A design figure
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for directly opposed laterals is included, although this arrangement should be
avoided wherever possible.

If the installalion of directly opposed inflow laterals is necessary, the installation of
a deflector, as shown in Figure 4.1 Will result in significantly reduced losses. The .
research conducted on this type deflector is limited to the ratios of Do/OJ. = 1.25.
The tests indicate that it would be conservative to assume the coefficient ofpressure
change at 1.6 for all flow ratios and pipe diameter ratios when no catch basin is
considered, and 1.8 when catch basin flow is over 10 percent of Qo'

Lateral infow pipes should not be located directly opposite; rather, their centerlines
should be separated laterally by at least the sum of the two lateral pipe diameters.
Reference to the design figures in Section 4.2.4 show that head losses are reduced
as compared to directly opposed laterals, even with deflectors. Insufficient data has
been collected to determine the effect of offsetting laterals vertically.

Shaping Inside ofManhole: Jets issuing from the upstream and lateral pipes must be
considered when attempting to shape the inside of manholes.

The tests for full flow revealed that very little, ifanything, is gained by shaping the
bottom of a manhole to conform to the pipe invert. Shaping of the invert may even
be detrimental when lateral flows are involved, as the shaping tends to deflect the
jetupwards, causing unnecessary head loss. Limitedshapingof the invert to handle
low flows is necessary from a practical point of view.

Figure 4.1 details several types of deflector devices that have been found efficient
in redUcing losses at junctions and bends. In all cases, the bottoms are flat, or only
sligltt1y !o~ded, to handle low flows. Numerous other types of deflectors or
shaping of the manhole interiors were tested by the University of Missouri. Some
of these devices which were found ineffident are shown in Figure 4.2: The fact that
several of these inefficient deVIces would appear to be improvements indicates that
special shapings deviating from those in Figure 4.1 should be used with caution,
possibly only after model tests.

Entrances: Tests indicate that rounding entrances or the use of pipe socket entran
ces do not have the effect on reducing losses that might be expected. Once again,
the effect of the jet from the upstream pipe must be considered. Specific reductions
to the pressure change factors are indicated with each design figure.

4.2.2.7 Catch Basins: Certain specific design procedures are necessary for storm
water catch basins on systems flowing full.

The design water surface should be at least 6 inches below the gutter grade at the
catch basin to allow the catch basin to function properly. If there is any possibility
of the hydraulic grade being above this level, adjustments should be made to lower
the hydraulic grade line or the inlet should be eliminated in that location.

4.2.2.8 Outlets: Final hydraulic design of storm drains begins at the lowest point
in the storm drain system. The beginning hydraulic grade line (water surface in
open channel flow or hydraulic grade line in pressurized conduits) in the receiving

September 1, 1992
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Closed Conduits

Directlyopposed lateralwith deflector
(head lossesare still excessivewith
this method,butare significantly
lessthanwhen nodeflectorexists.)

Bendwith straightdeflector

Bendwithcurved deflector

•
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Efficient Manhole Shaping
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Offset lateral with deflector

Inline upstream main and 90' lateral
with divider

Inline upstream main and 90' lateral
with deflector

Note
Although these modifications look
like improvements, studies have
proven these designs to be less
efficient than the designs in
Agure4.1.

•

•

Use caution when deviating from
recommended designs.

Figure 4.2
Inefficient Manhole Shaping •
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facility must be determined coincident with the time of peak flow from the storm
drain. Ifsophisticated hydrologic modeling techniques are utilized, the flow rate in
the receiving facility (normally major drainage) may be known and the correspond
ing water surface elevation can be determined.

If the outlet is submerged or if the receiving water surface is higher than normal
depth in the storm drain, the beginning hydraulic grade line is the hydraulic grade
line in the receiving stream. With a submerged outlet, the design proceeds up the
pipeline after inclusion of exit losses. For unsubmerged outlets, design can begin
assuming normal depth at the first source ofa point loss (lateral, manhole, or bend),
unless this first loss is hydraulically close to the outlet. In this ease, backwater
techniques will be necessary. For a conduit with an unsubmerged outlet and a
greater hydraulic (and energy) grade lineslope than pipeslope, thebeginning water
surface elevation is the critical depth in the storm drains.

Figure4.3 illustratessomeof the exitconditionsand Figure4.4 illustrates the various
hydraulic relationships for closed conduits and for open channel flow.

4.2.3 Design Procedures

4.2.3.1 General Aspects of Storm Drain Design: Calculations to check the pres
sure (hydraulic grade) of water surface elevations in the storm drain system begin
with a known hydraulic grade elevation at some downstream point. The rise of the
hydraulic grade line along the pipe to the first upstream junction is added to this
known elevation to obtain the outfall hydraulic grade lineelevationatthe upstream
junction. Theresistance loss-or friction loss-in the pipe is the hydraulic grade line
rise through the pipe length and can be calculated by methods shown in Design and
Construction ofSanitaryand Storm Sewers (American Society ofCivil Engineers 1969).

If the hydraulic grade line is above the pipe crown at the upstream junction, full
flow calculations may proceed. If the hydraulic grade line is below the pipe crown
at the upstream junction, then open channel flow calculations must be used at the
junction. .

For an unsubmerged outlet, a flow depth must be determined at some control
section to allow calculations to proceed upstream. As illustrated in Figure 4.3, the
hydraulic grade line is then projected to the upstream junction. Full flow calcula
tions may be utilized at the junction if the hydraulic grade is above the pipe crown.

For open channel flow, the assumption of straight hydraulic grade lines as shown
in Figure 4.3 is not entirely correct, since backwater and drawdowns exist, but
should be accurate enough for the size of pipes usually considered as storm drains.

On steep storm drain grades, the upstream storm drain may enter the junction at
an elevation somewhat higher than the crown of the downstream storm drain pipe.
In this ease, it may be assumed that the upstream flow acts as though it were catch
basin flow since the jet is essentially broken up when it enters the junction. The
designer may then use the relevant catch basin design figure to calculate the
pressure change likely across the junction.
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The pressure change for each upstream pipe at the junction is then added to the
common outfall pipe hydraulic grade elevation at the center of the junctions. This
accounts for all losses at the junction and gives a starting elevation for calculations
to be made aTong each upstream pipe.

The water depth at each junction must be calculated to verify that the water level is
above the crown of all pipes. Whenever the level is 80 percent or less of the pipe
diameter, full flow methods are not applicable. When the pipe level exceeds the 80
percent level, preSSUrized pipe flow techniques are applicable.

To expedite computations, the storm drain hydraulic grade line elevation deter
mined at a junction should first be compared to the elevation of the top of the
downstream pipe and the gutter. Because of usual losses at the junction, it is known
that upstream hydraulic grade elevations and the water elevation in the catch basin
are generally higher than the elevation of the downstream storm drain hydraulic
grade line. Comparison to limitingconditions will indicate whether the design may
or may not be applicable at the junction.

4.2.3.2 Design Procedure for Pressure Conduits: The methodology outlined in
this chapter allows computations for required storm dfain systems to be pursued
with the degree of accuracy justified by the cost of subsequent construction. The
figures in Section 4.2.4 offer one of the better design methodologies available,
enabling a designer to include manhole losses in a progressive calculation of
pressure elevations proceeding upstream alonga storm drain system, determining
the water surface elevation, hydraulic grade line, and total energy gradient. Em
phasis must be placed on the fact that the figures are strictly applicable only when
all pipes entering the manhole are flowing full.

. . . .
The nomenclature used in the design figures that aresuggested for design purposes
is explained in Figure 4.5, where sketches of the junction types also appear.

In this presentation ofdesign methods, provision is made for reserving numbers to
designate catch basins and junctions by using a system of letter subscripts for
identifying pipes. The letter subscript is applied to the pipe diameter (0), its
discharge (Q), and the resulting velodty of flow (V).

The letter subscript designates the function of that pipe at the particular junction
under consideration. These letter subscripts are used consistently for each pipe of
similar function at all junctions. Thus Dodesignates the diameter of the outfall pipe
'at any junction, Du that of the upstream pipe, Dr. that of a lateral entering the left
side of a junetion (viewed looking downstream along the direction of the outfall
pipe), and DR a similar lateral at the right. Similarly, Qo, Qu, Qr., and QRdesignate
the rates of flow in the several pipes.

In the design applications, the outfall pipe is always used as the basic measurement.
Pipe size ratios are stated as the ratio of upstream to outfall pipe diameter, e.g.
Du/Do or Dr./Do. Flow ratios are similarly stated, e.g. Qu/Qo. Pressure changes
are stated in terms of outfall velocity head; that is, ~he pressure change coefficient
KU, equals the pressure change hu in its ratio to V0 /2g.

•

•

•
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JLu-D-o
o rate of flow
D diameter of pipe
A dimension of junction in direction of outfall pipe
B dimension of junction at right angles to outfall pipe
d depth of water in inlet
S slope of pipe
Sf friction slope
0G flow into inlet through top grate
Do 00 diameter and flow in outfall
Du Ou diameter and flow in upstream main
DL 0L diameter and flow in left lateral
DR OR diameter and flow in right lateral(1)
DN ON diameter and flow in near late~~
DF OF diameter and flow in far lateral
Dhv 0hv diameter and flow in lateral wlhigher-velocity flow(2)
Dlv 0lv diameter and flow in lateral wAower-velocity flow(2)

Pressure change coefficients for inlet water depth and an
upstream pipe pressure relative to the outfall pipe pressure.

Ks water depth with all flow through grate
Ku upstream main pressure
KRor I<t. lateral pipe pressure (3)
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KU, KL pressure coefficient at 0L =0 0
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(1) Of opposed laterals; designation with reference to
position relative to outfall end of junction.
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2 (2) For in-line opposed laterals only.

(3) Offset opposed laterals.
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Figure 4.5
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The line diagrams ofFigure 4.5 illustrate the pipe positions and the function of each
as supply or outfall for each type of inlet and junction involved. A detail plan is
included to show junction and pipe diameter dimensions used. These dimensions
may be in inChes, feet, or any other unit of linear measurement since they are used.
in the design figures only as ratios of one to another. The figures included. in Section
4.2.4 are based on tests of round pipe, and apply to pipes of circular cross section.
However, the figures will apply accurately enough to pipes of any cross section.

One of the diagrams on Figure 4.5 shows a through main at a junction ofa 90 degree
lateral, with pressure lines and total head lines superimposed. It will be noted that
the relative elevations of the various total head lines are not dealt with in this sketch.

The same diagram shows the hydraulic grade lines projected to a point above the
"branch point," this being the location in planof the intersection of the outfall pipe
and lateral pipe centerlines. A similar point of reference, the center of the junction
box, is Used for the upstream in-line pipe and its hydraulic grade line where no
lateral is present. The change of pressure at a junction is measured by the difference
in elevation between the outfall hydraulic grade line and an upstream hydraulic
grade line, along the vertical line through the branchpoint. The vertical dimensions
hu and hL indicate the change ofpressure for the upstream in-lineand lateralpipes,
respectively. The adjacent equations on Figure 4.5 state how each is calculated..

There will be situations where flow conditions are not represented in the design
figures. In this instance, it is generally acceptable to extrapolate. It is rare to have
required extrapolations that are significant.

In those rare instances where more than three pipelines enter thesame manhole, itmay
be necessary to make simplifying assumptions in regard to the flow conditions and
utilize the appropriate figure representing these assumptions. This approach is not
considered a serious constraint as there are many similarities between the graphics for
varying flow conditions. Table 4.2 lists the recommended graphs and assumptions.

At all junctions where a change of pressure ocairs, a loss of total head must occur
whether the pressure change is positive or negative. This basic fact may be used to
check pressure results.

General Instructions for Use of Design Figures: Several operations are common to use
of the design figures for various tyPes of junctions. Instructions for performing these
recurring Procedures are consolidated in the following Gen~ Instructions. In the
detailed instructions for use of the individual figures, references to theseGen~Instruc
tions are made by number (Gen. Instr. I, etc.). The general instructions are as follows:

1. Determine and tabulate the elevation of the outfall pipe pressure line at the
branch point or catch basin center (refer to Figure 4.5). This elevation is
obtained. by adding the pipe friction loss to the elevation of the pressure line
at the preceding structure downstream. The friction loss, hf, is given by
Sf x L, where Sf is the friction slope in a pipe flowing full.

2 . 2 4/3
Sf = 2.86n Va IDa

•

•

•
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Closed Conduits

2. Calculate the mean velocity head of the flow in the outfall pipe.

V0
2 /2g

3. Calculate the required flow rate and size ratios. Examples:

Qu/Q()I QL/QU' <4;/Q()I etc.

Du/D()I DL/D()I B/D()I etc.

4. Estimate the depth of water, d, in a manhole with flow into the manhole from
a top inlet, either along or combining with flow from an upstream pipe.

d =
h =

total depth of water, ft
(outfall pressure line elevation) - (catch basin bottom

elevation) + (K) V0
2/2g

•

•

Table 4.2
Summary of Design Figure/Manhole Configuration Application

Case Design Figure

Catch Basin With Inlet Flow Only 4.7
Flow Straight Through Any Manhole 4.8
Rectangular Manhole, Through Pipe and Inlet Flow 4.9
Rectangular Manhole With In-Line Upstream Main and 90' Lateral Pipe (with or without inlet

flow) 4.10
Rectangular Manhole With In-Line Opposed Lateral Pipes Each at 90' to Outfall (with or

without inlet flow) 4.11
Rectangular Manhole With Offset Opposed Lateral Pipes each at 90' to Outfall (with or without

inlet flow) 4.12
Square Manhole at 90' Deflection 4.13
Round Manhole at 90' Deflection 4.13
Deflectors in Square or Round Manholes at 90' Deflection 4.13
Square Manhole on Through Pipeline at Junction of a90' Lateral Pipe (large size laterals:

DUDO> 0.6) 4.13 4.14
Round Manhole on Through Pipeline at Junction of a90' Lateral Pipe (large size lateral:

DUOO >0.6) 4.13 4.14
Deflectors in Square or Round Manholes on Through Pipelines at Junction of a90' Lateral

Pipe (large size laterals: DUDO >0.6) 4.13 4.14
Square or Round Manhole on Through Pipeline at Junction of a90' Lateral Pipe (smaller size

laterals: DUDo <0.6) or laterals with no manhole. 4.15
Sewer Bends with or without Manhole 4.16
Square or Round Manhole on Through Pipeline with Two Laterals (DUDO > 0.5) or (QUIOO >

0.3), Consider Upstream Pipe as Grate Flows 4.10
Square or Round Manhole on Through Pipeline with Two Laterals ((DUDO <0.5) or (QUlQO <

0.3), Consider Upstream Pipe as Grate Flows 4.11,4.12
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Storm Drains

. K = the pressure change coefficient for the catch basin water depth
(This is estimated as detailed for each type of manhole. Such

_ estimates are not necessary for manholes with in-line or offset
opposed laterals.)

5. Use the coefficients K from the figures for manholes with square-edged
entrance to the outfall pipe (entrance flush with box side, with square edges).

6. Use reduced coefficients K, where applicable, for a rounded entrance to the
outfall pipe (rounded on 1/4 circle arc of approximate radius 1/8 Do> or for
an entrance formed by the socket end of a standard tongue-and-groove con
crete pipe.

•

Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Insignificant effect, make no reduction.

Read directly from the figure.

Reduce Ku by 0.1 for usual proportions of inlet flow;
by 0.2 for Qc about O.SQ.

Reduce KU and KL in same manner as Figure 4.9.

Insignificant effect, make no reduction.

Insignificant effect, make no reduction. •_Figure 4.13,4.14, See specific instructions for each case.
4.15: -

Figure 4.16: Make no reductions.

7. Calculate pressure change. To calculate the change of pressure at a manhole,
working upstream from the outfall pipe to an upstream pipe, the design figure
applying to the type of junction involved is selected. The pressure change
coefficient for a specific upstream pipe is read from the figure for the particular
flow rate and size ratios already calculated. The pressure change is calculated:

2h =KxVo /2g (4.1)

The coefficient is a dimensionless number, and therefore, the change of pres
sure will be in feet.

8. Apply the pressure change. The pressure change, in feet, for each upstream
pipe is added to the outfall pipe pressure line elevation at the branch point to
obtain the elevation of each pressure line for further calculations upstream
along the pipe. In some cases, the upstream pressure line at the branch point
will be at a lower elevation than the downstream pressure line. Where this less
common situation may occur with a particular type of junction, it is mentioned
in the instructions for use of the specific figure. •
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Closed COnduits

9. Determine the elevationof the watersurface. The elevationof the watersurface
in a manhole (with or without catch basin flow) receiving flow from a pipe or
pipes will correspond to that of the upstream in-line pipe pressure line. At a .
junction with offset opposed laterals, the water surface will correspond to the
elevation of the far lateral pipe pressure line. Ata junctionwith in-lineopposed
laterals, the water surface will correspond to the elevation of the pressure line
of the higher-velocity lateral pipe.

Verify that the water surface is above the crown elevation of all pipe connec
tions to the structures that are being analyzed. Small pipes, such as laterals to
catch basins, which carry a small portion of the total flow, may reasonably be
constructed to affect a manhole in the same way as catch basin flow from the
ground surface.

4.2.3.3 Design Procedure for Open Channel Flow: The hydraulic grade line
(HGL) in anupstream pipe that is in line with the outlet will seek normal depth
when the slope of the pipe is greater than the slope required for full flow. Should
the slope of the pipe be less than that required for full flow, the HGL will be at an
elevation greater than the crown of the pipe. Drawdown effects will be observed
near the outfall from the pipe. In this case, the depth will pass through criticaldepth
at or near the point ofoutfall. Backwaterordrawdowncalculationsfor largediameter
pipes should be made along the length of the pipe to determine whether normal depth
or pressure flow is attained before the next manhole.

For the size of pipes normally encountered in storm drain design, it is reasonable
to assume a straight water surface. It is also assumed that the energy grade line is
parallel to the pipe grade, and that any losses other than pipe friction may be
accounted for by assuming point losses at each manhole.

The basic approach to.design of open channel flow in storm drains should be to
calculate the energy grade line along the system. Once the discharge has been
determined and a pipe size and slope·assumed for a given section, the dID and
vIVfull ratios can be determined from a graph of Hydraulic Elements of Circular
Conduits (Figure 4.6).

The next step is to calculate the energy grade line:

H = Z +d+(v 2/2g)

At each manhole the energy grade line of all pipes should coincide, allowing for
reaso~able values of head loss to the junction.

The usual method of stating head losses at manholes is in terms of a constant K
times the velocity head of the conduit in question,

(4.3)
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Closed Conduits

A difficulty in design of systems is the determination of the value of K.

Simple Transitions in Pipe Size: > Simple transitions in conduit size in a manhole with
straight through flow may be analyzed by the following equation:

he = K~(v2;2g)

The term ~(v2/2g) refers to the change in velocity head in the upstream and
downstream conduits. The value of K varies from 0.1· for increasing velocity to 0.2
for decreasing velocity transitions if flow is subcritical. For supercritical flow,
greater values of K are probable, but have not been determined.

Bends: Reliable head loss coefficients through bends in open channel flow are
almost entirely lacking. Reasonable assumptions may be made by utilizing existing
information available on losses inbends and pressureconduits. Refer to Figure 4.16
for the sewer bendloss coefficients.

Junctions: Values for head loss coefficients at junctions on storm drains flowing as
open channels are not readily available. Complicated methods for calculating head
loss at certain types of junctions are available and are justified for certain situations.

Unless unusual conditions exist, the figures and procedures for pressure conduits
should be used. Energy grade lines should be matched to insure continuity; that is,
theupstream energy grade line elevation equals the downstream energy grade line
elevation plus head loss.

Storm Water Catch Basins: As can be noted in Figure 4.7, the depth of water in a
catchbasin has a profound effect on the energylosses in a catchbasin. Theshallower
the depth, the greater is the head loss. Normal culvert design aids are not applicable
to this condition. The water falling into the catchbasin causessignificant turbulence
and energy losses.

For this condition and for significant grate flow into any junction, the applicable
curves for the pressure conduit analysis should be used. .

4.2.4 Design Aids
The figures presented in this section are to be used for determining the pressure
change at storm drain junctions. Instructions are included to aid in the application
of these figures. Section 4.2.5 contains detailed storm drain design examples
dem~nstratirigthe use of each figure.

4.2.4.1 Catch Basin with Inlet Flow Only: Pressure change coefficients are
presented in Figure 4.7 for use in determining the elevation of the water surface in
a catchbasin with all inflow entering throughan inlet. Separatecurves are included
for the outfall pipe connected at the box end (short dimension) and the box side
(long dimension). The coefficient I<c depends on the pipe position and the depth
of water in the inlet.

September 1, 1992 4-19



Storm Drains

1
;\ --2!.-
\ -- ~I-, ~I-

........
~

- ., - . ~ Vi
1\ _ he·K.~

\ preSSure ,,~

d

j

1
1\ ,

00·0• .~
\. \ •

~ e-- - l \ .- 1--... Elevation f Do,

I i\ ~

I
;, \

! -
-

\I \- -- e--j \ -- - ....
, !\

~Outfall Pipe from
,,~ - ~ ~-~ P-I 1\ ~ End of Catch Basin

-"* \. "'I

"-
---~- -

I I I\. -- 'f', -
- , ; "-

; I I I ~ ......
~I I -- j I "")I ~ ~

I

(0) OUtfall Pipe from/
I' ..... l>o... .....-- -1 ..... ......~ "'--Side of Co tch Bosin ~~~-I r I

-L-
-,.......f.-~- -..-

I I - ~- -
.--J__ I i I......,

~ - -;. - f-- - I- . - - '-- --
: i

, , I -+--- ._- - '-- ----
I

, ;

!
~-- - I-~

I I.. _. - - ~ - --I- I-- -- -- -

- ~-
I

f--1- ~. --f- -
i i

8

• 7c
::J

•...
::J
(It

6(It
u...
Q.--0--~ 50
u
>
..8
<l

III

J:: ~ 4a
u
0...
u- 30
~...
0---c 2.!!
Co)
;;:
1)
0
(,)

o
o 2 3 4 5 6 7

•

•

Relative Depth of Water in Inlet %0

(0) Box Side Flow (b) Box End Flow

Figure 4.7 •
Catch Basin with Inlet Flow Only

4-20 September 1, 1992



5.
6.

7.

• 8.

9.

10.

•

•

Closed COnduits

To use Figure 4.7:

1. Note whether outlet is at end or side.
2. Detennine outfall pipe pressure line elevation (Gen. Instr. 1).

[Note: See Section 4.2.3.2 for an explanation of the General Instructions.]
3. Calculate outfall velocity head (Gen. Instr. 2).
4. Estimate a value for water depth, d.

» outfall pressure line elevation minus inlet bottom elevation plus he
equals d, where

he = Kc V0
2/2g

» estimate Kc as follows:

7.0 for end outlet, 5.0 for side outlet-pressure line to bottom not
over 2 pipe diameters.

4.0 for end outlet, 3.0 for side outlet-for higher pressure lines.

Calculate the estimated relative water depth of diDo.
Enter Figure 4.7 at this depth diDo and read Kc from the curve for the
particular outfall pipe location.
Calculate he as indicated on the diagram on the figure and by Gen. Instr. 7.
Add he to the elevation of the outfall pressure line at the inlet center to
obtain the water surface elevation in the inlet.
From this water surface elevation subtract the elevation of the inlet bottom
to obtain a more precise value for the water depth, d.
Repeat the above procedure with the improved value of d from Step 9 if
necessary. Such repetition may not be necessary if the estiinated diDo of
Step 5 was reasonably accurate.

11. CheCk to be sure that the inlet water elevation is at least 6 inches below the
gutter elevation at the inlet so that inflow may be admitted.

4.2.4.2 Flow Straight through any Manhole: Pressure change coefficients are
presented in Figure 4.8 for use in determining the elevation of the pressure line of
an upstream in-line pipe relative to that of the outfall. The pipe centerlines must be
parallel and not offset more than would permit the area of the smaller pipe to fall
entirely within that of the larger ifprojected across the junction box along the pipe
axis. The shape of the junction in plan is not significant in determining the pressure
change. The effect of junctionsizeand outfall pipeentrance conditions are included
in Figure 4.8. Negative pressure changes occur with an upstream pipe smaller than
the outfall pipe. That is, at the junction center, the upstream pressure line is below
the outfall pressure line for this case. No flow other than that from the upstream
in-line pipe may be involved where Figure 4.8 applies.
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To use Figure 4.8:

1. Determine the outfall pipe pressure line elevation (Gen. Instr. 1).
2 Calculate the velocity head in the outfall (Gen. Instr. 2).
3. Calculate the size ratios Do/Do and A/Du (Gen. Instr. 3).
4. Note whether the outfall pipe entrance is to be square-edged or rounded

smooth (note Gen. Instr. 6).
5. Enter Figure 4.8 at the pipe size ratio Du/Do and read Ku at the curve for

the proper value of A/Du for a square-edged entrance condition, or at the
dashed curve for a rounded entrance.

6. Calculate hu (positive or negative) as indicated on the diagrams on Figure
4.8 and by Gen. Instr. 7.

7. Add a positive hu to (or subtract the absolute value ofa negative hu from)
the elevation of the outfall pressure at the junction center to obtain the
elevation of the upstream pipe pressure line at the same location.

8. The. water surface elevation in the junction corresponds to that of the
upstream pipe, whether above or below the outfall pressure line.

9. Checktobesure the watersurface elevationin the junctionis at least 6inches
below the top of the junction box so that overflow may not occur.

Comments: For a square-edged entrance to the outfall pipe, values of A/Du less
than 1 do not appreciably reduce the values of Ku shown for A/Du = 1. Ku
increases for distances A/Du greater than 3, but such values are not usual in storm
drain construction. For rounded entrances, the curve shown will apply with suffi
cient accuracy for all values of A/Du up to 3.

4.2.4.3 Rectangular Manhole-Through Pipeline-with Inlet Flow: Coefficients
forpressure changes are presented in Figure 4.9 for use indetermining the common
elevation of the upstream in-line pipe pressure line and the water surface in the
manhole. The in-line pipes connectatthe manholesides (long dimension) and must
meet the alignment requirement stated for Figure 4.9. As much as half the total flow
may enter through a top inlet. The main graph of Figure 4.9 includes effects of
various portions ofgrate flow for a relative water depth diDo of 2.5. Increments of
Ku for other relative water depths are shown in the supplemental graphs; positive
increments for diDo less than 2.5 and negative for greater depths.

To use Figure 4.9:

Determine the outfall pipe pressure line elevation (Gen. Instr. 1).
Calculate velocity head in the outfall (Gen. Instr.2).
Calculate the ratios of Du/Do and Qu/Qo (Gen. Instr. 3). (The inlet flow
ratio Qc/Qo = 1 - Qu/Qo).
Estimate a value for the water depth, d.

) Follow Gen. Instr. 4.

» Estimate K= 3 Qc/Qo.

Calculate the corresponding relative water depth diDo.
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Closed Conduits

6. If the estimate,d,dJppisapp:r9~tely2.5, enter the lower graph on Figure
4.9 at the pipe siZe ratio Du/Do and read Ku at the curve of interpolated
curve for Qu/Qo: then proceed as in Step 9.

7. If the estimated diDo is other than 2.5, follow Step 6, then enter the upper
graph on Figure 4.9 at the given Du100 and determine the increment of
Ku required to account for the effects of the estimated relative water depth
d/Du·

8. Add Ku from Step 6 and the increment from Step 7 to determine the total
value of Ku. Note that negative values of Ku may occur.

9. For a rounded outfall pipe entrance or one consisting of a pipe socket,
reduce Ku according to Gen. Instr. 6.

10. Calculate hu as indicated on the diagram on the Figure and by Gen. Instr. 7.
11. Add hu to the elevation of the outfall pressure line at the inlet center to

obtain a more precise value for the water depth, d.

12. Repeat the above procedure with the improved value of d from Step 11 if
necessary. Such repetition may not be necessary if the original estimated
diDo of Step 5 was reasonably accurate.

13. Check to be sure the water elevation is at least 6 inches below the gutter
elevation at the inlet so that inflow may be admitted.

4.2.4.4 Rectangular Manhole-Upstream Main and 90 Degree Lateral Pipe
with or without Inlet Flow: Pressure change coefficients are presented in Figure
4.10 for use indetermining the commonelevationofthe twoupstream pipepressure
lines and the water surface in the manhole. Flow into the combination inlet and
junction box is supplied by an upstream main, in-line with the outfall and flowing
through the short dimension of the manhole, and a 90 degree lateral pipe connected
at one end of the box, supplemented by flow through a top inlet. The main graph
of Figure 4.10 applies directly for no flow into the manhole through the inlet.
Increments of Kuand KL for inlet flow conditions are shown in the supplementary
graphs of the upper portion of the figure:

To use Figure 4.10:

1. Determine the outfall pipe pressure line elevation (Gen. Instr. 1).

2. Calculate the velocity head in the outfall (Gen. Instr. 2).

3. Calculate the ratios Du/Do, Qu/Qo (Gen. Instr. 3).

4. Ifno inlet flow is involved, enter the lower graph on Figure 4.10 at the pipe
_ size ratio OoIDo and read Ku (or Kr) at the curve or interpolated curve for
- Qu/Qo, then proceed as in Step 10.

5. With inlet flow, estimate a value for the water depth, d.

» Follow Gen. Instr. 4

» Estimate K = 1.5

6. Calculate the corresponding relative water depth diDo.
7. Enter the lower graphand obtainKu (orKr)as inStep 4, this value applying

for Qc/Qo = o.

September 1, 1992 4-25



0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Supplementary Chart for Modifica,ion

of Ku a KL for Grate Flow

, Figure 4.10
Rectangular Manhole with In·llne Upstream Main and 90 Degree Lateral Pipe

(WIth or Without Inlet Flow)

•

•

•

o

'~~
t...,.

0"} Co o.!>
1\.4~ ~

O.! •
1---

~~ 0.2..
1

,-

0.1

:?; ~

1l'kJ ~
~ lIMo}.!>

1000.4 I 10.
0·"3 -•. ,p.2

~• 0.1I

""iO.
In

I

"U.4
03 ....2

Qu/Qo~ -
o~

IA ....
o~ 1-

"'" l.oi

fJ
()~ l,; r:::;

LA ~..ureem i~l...t~~ii'" no ow Iwu n
[;,ii For Mter low udel(01' velue . FOlII apjWO"i·

v 0;., I." ate.,...~
I-

L!l'- QU+OL +Qs- QO -:
....

.~G:A

0.1' ~ I I-+- ~, I-
fT Y j~ ~~ '".'~ #0. I .!$Sq, I..Q/. C1" :r <

~ , " \
O· ,I 1\.."v ~:::-; ... ;.\...)rJ

.... "'...p, "~I ~ ... /...~~~ ...... ,.,
~~~~

'ClOJJ Pr~rel Un. Sketcll ~ '~llYOtioft Sketcll ,++-II l*f

1.0

-' 0.5
~

cIS
:::I 0~

li 1.0•-c:•E 0.5•..
!

0

0.4
0.2
0

- 1.5
0.5 O.~ 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Ratio Diameter Upstream Pipe to Diameter Outfqll %

-' 2.0
¥
cIS
,z 1.5

•-, c:
.~ 1.0
0;:'.~ 0.5

•~
g 0
~
(,)

!~05:I .

•••0:-1.0

Storm Drains

September 1, 1992





Storm Drains

•

I
I '

...J

i 2~""""+-+--+-++~rlr-t----i
u;.

004 0.5 06 01 0.8 0.9 1.0
DtJDo [for all values DtJDlv]

Ratio of diameter of lesser velocity
lateral to diameter of outfall

Figure 4.11
Rectangular Manhole with In-tine Opposed Lateral Pipes Each at 90 Degrees to Outfall

(WIth or Without Grate Flow)
(University ofMissouri 1958) •

Elevation Sketch

To find K" or KL for -the right or
left lateral pipe with flow at a
lesser velocity than the other lat
eral, read H for the higher velocity
lateral 0 and Q, then read L for
the lower velocity lateral 0 and 0;

then' K" (or ~ )=H-L
KR or KL for the lateral pipe with
higher velocity flow is always 1.8

v.2
Vc02

h =Il'. 0
L ''L~ h" =KR 2g

"''t

'"-_.l..-_.l..----:......--l0.6
0.5 0.6 0.7 0.8 09

%

:::::::~:::::::::::::::::::::::::~...~:::::::::::(.::::::::;:::;:::::::::::::::::::::::::::::").:::::::::::::;:::;:::::::::::::::::::::::::::::::::;:~::::::::::::::::::::::::::::;:::::::;:::;:::;:;:;:;:::;:;:;:;:::::;:::::;:;:::;:;:;:::;:;:::;:: ....:;:;:;:::;:;;:....:;:::;:;:;:::;:;:;:::::;:::;:::::::::;:::;:;:;:;:;:;:;:;:::::;:::;:;:;::::::::::::::::~::::"t;:~:::::~::~~:::::::::::::"":O;~:::;';'"t';::::::::::: ....::........*:::~::::::::::::~

4-28 September 1, 1992



6.

7.

12.

11.

8.
9.

10.

or interpolated. curve for QHv/ Qo. Inentering the graph, note thatunequal
size laterals (DRY/Dr.v not equal to 1.0 effect an offset of the scale for
DRY/Do.).
Determine L from the right-hand graph on Figure 4.11. Enter the graph at
the pipe size ratio Dr.V/00 (note only one scale is involved) and read L at
the curve or interpolated. curve of Qr.V/ Qo
Calculate KLV = H - L with inlet flow involved. With no inlet flow, KLV =
(H- L) - 0.2.

KHV =1.8 with inlet flow involved.. With no inlet flow, KHV =1.6.

CalculatehLV = KLV 0102/2g) and hHV = KHV 0102
/2g).

Add hLV to the elevation of the outfall pipe pressure line at the branchpoint
to obtain the elevation of the lower- velocity lateral pressure line at this
point, similarly, add hHV to the outfallpipe pressure line elevation to obtain
the elevation of the higher-velocity lateral pressure line at the branch point.

Determine the water surface elevation of the inlet, which is equal to the
lower of the two lateral pressure line elevations that of the higher-velocity
lateral).

Check to be sure the inlet water surface elevation is at least 6 inches below
the top of the inlet so that inflow may be admitted.

4.2.4.6 Rectangular Manhole-OffsetOpposed Laterals-With or Without Inlet
Flow: Pressure change coefficients are presented in Figure 4.12 for use in deter
mining the. elevations of the pressure lines of each of the two horizontally offset
opposed lateral pipes supplying a combination junction and inlet box. The inlet is
used in the same situations as those to which Figure 4.12 applies, but the pressure
rise of the lower-velocity lateral is restricted by locating the lateral pipes to enter
opposite sides of the inlet box with their centerlines horizontally offset a distance
not less than the sum of the two lateral pipe diameters. One lateral enters one side
of the box near the outfall pipe end, and one, designated the far lateral, enters the
opposite side near the other end.

Closed Conduits

•

•
Figure 4.12 is used for all probable ratios of flow rates in the two laterals, with or
without inlet flow. For this type of junction the pressure changes are not modified
by the depth of water in the 'manhole. The water surface elevation here will
correspond to the pressure line of the far lateral.

To use Figure 4.12:

1. _ Determine the horizontal distance between the centerlines of the opposed
- flow laterals at the inlet; if it is more than the sum of the pipe diameters,

Figure 4.12 will apply.

Determinethe outfallpipe pressurelineelevationat thebranch points (Gen.
Instr. 1). An average elevation applicable to both is sufficient.

Calculate the velocity head in the outfall (Gen. Instr. 2).

Calculate the ratios Qp/Qo, QN/Qo, OF/Do, and ON/DO, observing the
nomenclature of Figure 4.12 (Gen. Instr.3).

Calculate the factors Qp/Qo x Do/OF and QN/Qo x Do/ON.
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6. For the far lateral; enter the right-hand graph of Figure 4.l2at the abscissa
value from Step 5and read Kpat the curve or interpolatedcurve for OFIDa.

7. For the near lateral, obtain KN from the left-hand graph by a similar
procedure.

8. Fora manhole with inlet flow, calculatehpand hNby multiplying the outfall
velocity head by the corresponding coefficient Kp or KN.

9. For a junction without inlet flow, calculate hp and hN by multiplying the
outfall velocity head by the corresponding reduced coefficients (Kp - 0.2) or
<KN-0.2).

10. Add hp and hN to the elevation of the downstream (outfall pipe) pressure
line to obtain the elevations of the pressure lines of the two laterals at their
branch points.

11. Determine the water surface elevation in the inlet, which is equal to the far .
lateral pressure line elevation.

12. Check to be sure the inlet water surface elevation is at least 6 inches below
. the top of the inlet so that inflow may be admitted.

4.2.4.7 Square Manhole-90 Degree Deflection: Pressure change coefficients
are presented in Figure 4.13 for use in determining the elevation of the pressure line
of an upstream pipe connected by means of a square manhole to an outfallpipe at
a 90 degree angle. The manhole conditions covered by this figure do not involve an
upstream pipe in-line with the outfall pipe. For this and other manhole figures, the
lateral pipe is designated by the subscript L irrespective of its right-hand or
left-hand position. The coefficients given in Figure 4.13 apply directly to manholes
having a square-edged entrance to the outfall pipe. Coefficients for a rounded
entrance are obtained by reduction of the Figure values as shown in Table 4.3. The
design of manholes with deflector devices is discussed separately.

To use Figure 4.13:

1. Determine the outfall pipe pressUre line elevation (Gen. Instr. 1).

2. Calculate the velocity head in the outfall (Gen. Instr. 2).
3. Calculate the ratios DL/Oo and BIDo (Gen. Instr. 3).
4. Enter the lower graph of Figure 4.13 at the pipe size ratio DL/Oo and KL'"

at the curve or interpolated curve for the manhole size ratio B100 For all
flow from a lateral KL = KL....

5. For a rounded outfall pipe entrance or one formed by a pipe socket reduce
the figure value of KL'" by 0.3 as defined by Gen. Instr. 6.

6. - Calculate the change of pressure hL =KL x Vo2/2g (always positive for 90
degree deflections).

7. Add hL to the elevation of the outfall pressure line at the branch point to
obtain the elevation of the lateral pipe pressure line at this point.

8. The water surface elevation in the manhole will be above the lateral pipe
pressure line. To determine the water-surface elevation, use Figure 4.14, as
instructed in Steps 12 through 18 of Section 4.2.4.10.
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9. Check to be sure the water surface elevation is above the pipe crowns to
justify using these figures and that it is sufficiently below the top of the
manhole to indicate safety from overflow.

4.2.4.8 Round Manhole-90 Degree Deflection: Pressure change coefficients·
may also be obtained from Figure 4.13 for use in determining the elevation of the
pressure line of an upstream pipe connected by means of a round manhole to an
outfall pipe at a 90 degree angle.

To use Figure 4.13 in this case:

1. Proceed as instructed in Steps 1 through 4 of Section 4.2.4.7 to obtain a base
value of KL* for the particular values of DL/Do and BIDa.

2. To provide for the effects of the round manhole cross section, reduce KL*
in accordance with Table 4.3. The reduced values apply for a sharp-edged
entrance to the outfall pipe.

3. With a well-rounded entrance to the outfall pipe from a round manhole,
reduce KL* of Step 1 by 0.3 with no further reduction for manhole cross
section shape.

4. Follow Steps 6 through 9, Section 4.2.4.7.

4.2.4.9 Square or Round Manhole-90 Degree Deflection With Deflectors:
Pressure change coefficients are presented in Figure 4.13 fQr determining the

evaluation of the pressure line of an upstream pipe connected to an outfall pipe at
a 90 degree angle by means of a square or round manhole modified by flow
deflectors. Deflectors in a manhole effectively eliminate the effects related to the
shape of the manhole. The basic types of deflector walls which may be constructed
in square or round manholes to reduce the pressure loss are detailed and described
in the main text. .

The deflectors which are more easily constructed and are as effective as more
complex types provide a vertical wall to guide the flow toward the outfall pipe
diameter and must fill in that part of the manhole opposite the lateral pipe exit so
that it is flush with the side of the outfall pipe. Three basic types of such deflector
walls are possible and are included in the curves of Figure 4.13. These three are: 1)
walls parallel to the outfall pipe centerline or 0 degree walls; 2) inclined walls,
limited to an angle ofabout 15degrees to the outfall centerline ifanupstreamin-line
pipe is to be used; and 3) walls at 45 degrees to both the lateral and outfall pipes, or

Table 4.3
Reductions for KL*for aManhole with Rounded Entrance

Reductions For KL

~BIDo 0.6 0.8 1.0 1.2

1.75 0.4 0.3 0.2 0.0
1.33 0.3 0.2 0.1 0.0
1.10 0.2 0.1 0.0 0.0
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walls curved on a radius ofabout the manhole dimension extending from lateral to
outfall, and therefore to be used only when no upstream in-line pipe is involved.
Rounding of the corner formed between the deflector wall and the manhole floor
is not required, and may be detrimental in some cases.

To use Figure 4.13 in this case:

1. Determine the outfall pipe pressure line elevation (Gen. Instr. 1).
2. Calculate the velocity head in the outfall (Gen. Instr. 2).

3. Classify the type of deflector used:

» Parallel wall-O degrees

» Inclined wall- 5 to 15 degrees

» 45 degree or curved wall

4. Calculate the ratios Dt/Do and BIDa. No distinction between square and
round manholes is necessary.

5. IfBIDo is 1.5 or less,enter the lower graph of the figure at the ratio Dr./Do
and read KL*at the curve for the appropriate deflector type. In the case of
a parallel wall, use the curve for BIDo = 1.00.

6. If BIDo is more than 1.5 and less than 2.0, use the same dashed curve for
45 degree or curved deflectors; use the curve for BIDo = 1.10 for 5 to 15
degree angledeflectors; anduse thecurve for BIDa = 1.20for 0degree angle
deflectors.

7. A rounded. entrance to the outfall pipe or one formed by a pipe socket is
less effective in reducing the pressure change with deflectors than when
deflectors are not used. A reduction of KL*by 0.1 may be justified.

8. Calculate the change of pressure:

hL=KL Vo2/2g (forQr.= QO,KL=KL*)

9. Add hL to the elevation of the outfall pressure line at the branch point to
obtain the elevation of the lateral pipe pressure line at this point.

10. The water-surface elevation in the manhole will be above the lateral pipe
pressure line. To determine the water surface elevation, use Figure 4.14, as
instructed in Steps 2 through 8 for deflectors in a manhole at the junction
of a 90 degree lateral with a through main (Section 4.2.4.12).

11. Check to be sure the water surface elevation is above the pipe crowns to
justify using these· figures and that it is sufficiently below the top of the
manhole to indicate safety from overflow.

4.2.4.10 Square Manhole-Upstream Pipe and Lateral: Pressure change coeffi
cients for use in determining the elevationof the pressure line ofthe90degree lateral
pipe are obtained from Figure 4.13 and the coefficients for the upstream in-line pipe
are obtained from Figure 4.14. The diameter of the lateral pipe must be at least 0.6
of the diameter of the outfall pipe to permit use of these figures. Pressure changes
at junctions of smaller laterals may be obtained through use of Figure 4.15. The
coefficients given by the figures apply directly to a square-edged entrance to the
outfall pipe. Coefficients for a rounded entrance are obtained by reduction of the

•

•

•
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•
Agure4.14

Manhole on Through Pipeline at Junction of a90 Degree Lateral PIpe
On·Une PIpe CoefficIent)

(University 01 Missouri 1958)
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To use Figures 4.13 and 4.14 in this instance:

1. Proceed as instructed in Steps 1 through 9 of Section 4.2.4.9, disregarding
the references to 45 degree or curved walls. Using Figure 4.13 will give the
elevation of the lateral pipe pressure line at the branch point. As noted in
the instructions for a manhole of this type without deflectors, Figure 4.15
must be used when OL/Do < 0.6 or (Qu/Qo x Du/Do) > 1.00.

For Upstream In-Line Pipe:

2. Enter the lower graph of Figure 4.14 at the ratio of OL/Do and read Ku" for
all manhole sizes and any deflector wall angle from 0 to 15 degrees at the
curve for B/Do = 1.00.

3. For a rounded entrance to the outfall pipe or one formed by a pipe socket,
reduce Ku" by 0.1.

4. Determine the factor Mu from the upper graph of Figure 4.14.

5. Calculate Ku = Mu x Ku"·
6. Calculate the upstream in-line pipe pressure change

hu= Ku xVo
2

/ 2g

7. Add hu to the elevation of the outfall pipe pressure line at the branch point
to obtain the elevation of the upstream in-line pipe pressure line at this
point.

For Water Surface:

8. The water-surfaceelevation in themanholewillcorrespond to theupstream
in-line pipe pressure line at the branch point.

9. Check to be sure that the water-surface elevation is above the pipe crowns
to justify using these figures and that it is sufficiently below the top of the
manhole to indicate safety from overflow.

4.2.4.13 Square or Round Manhole-Upstream Pipe with Small Lateral or
Lateral Connecting with no Manhole: Pressurechangecoefficientsarepresented
in Figure 4.15 for use in determining the common elevation of the pressure lines of
the lateral and in-line pipes at a junction of this type for cases of pipe sizes or flow
divisions outside the range over which Figures 4.13 and 4.14 may be applied.
Figures 4.13 and 4.14 are more reliable within their range and should be used if
possible. Neither manhole shape nor size nor relative size of lateral pipe modify the
coefficients of Figure 4.15. The figure may also be used for direct connection of a 90
degree lateral to a main without use of a manhole. The coefficients of the figure
apply directly to a square-edged entrance to the outfall pipe. Coefficients for a
rounded entrance are obtained by reduction of the figure values as stated below.
Deflectors in the manhole are not effective in the ranges covered by Figure 4.15 and
therefore need not be used. .

•

•

•
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To use Figure 4.15:

1. Determine the outfall pipe pressure line elevation (Gen. Instr. 1).
2. Calculate the velocity head in the outfall (Gen. Instr. 2).
3. Calculate the ratios Dr./Do, 00/00, and QuIQo. Note that use of Figures

4.13 and 4.14 is advisable if the size and flow factors are within their range.
Figure 4.15 should not be used for Qu/Qo ~ 0.7 if other solutions are
possible.

4. Note whether the outfall entrance is to be rounded or formed by a Ripe
socket as defined by Gen. Instr. 6.

5. Enter Figure 4.15 at the ratio 00/00 and read Ku (also equal to KL) at the
curve or interpolate curve for Qu/Qo.

6. IfQu/Qo x 00/00 was found to be greater than 1.00 in an attempt to use
Figures 4.13 and 4.14, Ku of Step 5 will be negative in sign, thus providing
a check on proper use of the figures.

7. For rounded entrance from the manhole to the outfall pipe use the reduced
values from Figure 4.15.

8. Calculate the change of pressure

hu= hL= Ku xV0
2
/2g

huand hLare positive or negative depending on the sign of Ku as read from
the figure.

9. Add a positive hu to or subtract the absolute value of a negative hu from
the elevation of the outfall pipe pressure line at the branch point to obtain
the elevation of the upstream in-line pipe pressure line at this point. The
elevation of the lateral pipe pressure line at the branchpoint and the water
surface elevation in the manhole will correspond to the upstream in-line
pipe pressure line elevation found in Step 7 of Section 4.2.4.12. .

10. Check to be sure that the water-surface elevation is above the pipe crowns
to justify using these figures and that it is sufficiently below the top of the
manhole to indicate safety from overflow.

•
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Figure 4.16
Sewer Bend L.oss Coefficient

(University ofMissouri 1958)
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4.2.5 Design Example
The design example in this section analyzes a hypothetical pipe layout to
demonstrate the method of application of the design figures and to provide an
overviewofthe final hydraulicdesign procedure. Figure4.17illustratehowjunction
losses are computed for both pressure conduits and open channel flow. The design
example was developed to illustrate at least one condition for each of the design
figures detailed in Section 4.2.4. The design then proceeds upstream from junction
to junction.

As shown in Figure 4.17, each inlet is numbered (e.g., 1-4), and the design rate of
flow into each is shown. The accumulated design rate of flow in each pipeline
between inlets is given, together with the pipe diameter in inches and the length in
feet from center to center of inlets. The pipe slope is not stated, but appears on the
profiles at the end oUhe design discussion (Figure 4.33, page 4-72).

The manholes are also numbered (such as MH-l for Manhole No.1). The pipe
arrangement at each manhole and inlet is evident· from the plan, and serves to
identify the design figute from Section 4.2.4 that will be used to determine the
corresponding pressure change coefficients. These, in turn, are to be used to calcu
late, in feet, the pressure change for each upstream pipe.

The system is laid out during the preliminary design phase, with all inlets located,
the rate of inflow to each determined'" and the preliminary pipeline sizes selected,
anda preliminaryprofileestablished. Proceedingfrom theoutfall, thedesignmoves
to the next junction upstream by adding the friction loss in the pipeline to the
hydraulic grade lineat the outfall. The value obtained is the downstream hydraulic
grade line for the junction, which needs to be checked to verify pressure conduit or
open channel.

If the hydraulic grade line is less than 80 percent of depth in the downstream pipe
and if the normaldepth in the pipe is less than 80 percent ofthe pipe verticalheight,
then the downstr~amwater surface is set at normal depth.

A word of caution is needed to prevent the loss ofsignificant design time: examine
theconditionsat each junction to try todetermine whetherthemain line, the laterals,
or a nearby inlet (usually with a high rate ofinflow) is most likely to be more critical
in regard to whether or not the preceding pipeline design may need to be revised.
Keep in mind that the final hydraulicdesign procedure is iterative, andadjustments
will probably be necessary to raise or lower the hydraulic grade lines for the design
runoff event. .

The design is carried upsteam from junction to junction with an explanation of the
use of the applicable graph. Pipeline computations on each junction computation
sheet are for the preceding or downstream pipeline. It is not recommended that
junction 'computation sheets as elaborate as those included in this discussion be
used. Asimple hand sketch is usually sufficient.

'" Note: Due to the differing times of concentration, the rate of inflow for sizing of
the storm drain pipeline may be different than the flow for sizing the inlets.
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In the design example, the accuracy of the computations is shown to 0.01 feet;
however, in actual design, the needed accuracy is usually sufficient to 0.10 feet for
hydraulic grade line computations. The pipeline inverts are to be designed to 0.01
feet.

For the design example the pipeline is assumed to be reinforced concrete pipe
without rubber gasket joints; therefore, the roughness factor "n" was assumed to
be 0.013. In the design example, it was assumed that the inverts of the manholes
and inverts were known, in many instances, due to utility conflicts or due to the
desire to control the hydraulic grade line; the depth of hydraulic structures may be
variedduring final hydraulicalignment. Aprofile for eachinletconnectorpipe must
be prepared where conflicting utilities may exist to allow for optimum hydraulic
design.

The mainstem of the design example is shown in the profile at the end of the design
example (see Figure 4.33). The profile includes the pipeline crown and invertr
manholes and inlets, energy grade line, and hydraulic grade line.

4.2.5.1 Main Line Calculations

Outlet to MH-5: Preliminarysurveys have shown that the tailwater elevationat the
outlet is 473.85 feet (see Figure 4.17). The top of the 54-inch pipe is at anelevatio~
of 473.89 feet, and the outlet is essentially submerged. The outfall exit loss of one
velocity head should be added to the flowline elevation to establish the starting
elevation of474.13 feet. Thefriction loss in thepipefrom theOutlet to MH-5 isadded
to this elevation to establish the downstream pressure line at MH-5.

MH-5: Figure 4.18 shows the example storm drain design for MH-5 using the
pressure change coefficients presented in Figure 4.8. The use of Figure 4.8 is
restricted to cases where the pipe centerlines are parallel and not offset more than
would permit the area.of the smaller pipe to fall entirely within that of the larger
one if projected across the junction box along the pipe axis. If grate flow enters the
junction, use the coefficients presented in Figure 4.9.

Known quantities are:
» the gutter elevation,
» the inlet bottom elevation,
» the pipe flow rates and diameters,
» the inlet size, and
» the elevation of the downstream pressure line at the junction center.

From this information, calculate the velocity head of the outfall flow, the ratios
Du/Do and A/Du. Next, read Ku from Figure 4.8 and multiply it by the velocity
head in the outfall to obtain hu, the change of pressure. Subtract (or add) hu to the
outfall pressure line elevation to obtain the elevation of the upstream in-line pipe
pressure line to which the water surface in the inlet corresponds. Check the
clearance of the water below the gutter.

Note that for a square-edged entrance to the outfall pipe, values ofA/Du less than
1 do not appreciably reduce the values of KU shown for A/Ou = 1. For an
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Figure 4.18
Storm Drain Design Example for Manhole No. 5

(Use Figure 4.8 for Calculations) •

au = 71.0 00 = 71.0.._----.. ...._-_._.. ---._._-_.__....- .._...._._.. --.....-

!

f
0=48·

4' x 5' box

I !

2 475.08

Ku :!.::.. 474.11
29i--Jf----;~;........,

474.11····~[~~!!'!·~j!1·~··rrr---1===1

469.50

Plan

Item

Gutter Elevation, ft
Inlet Bottom Elevation, ft
Flow Rate Qu, cfs
DuiDo
AlDu
Outfall Velocity Head V0

2/2g, ft
Downstream Pressure Elevation, ft
Agure 4.8 square-edged entrance to outfall, Ku
Pressure Rise, Ku x V02/2g, ft
Upstream Pressure Elevation, ft
Water Surface Elevation, ft
Distance Below Grate, ft
Distance Above Invert, ft

Elevation

MH·5

475.08
469.50
.71.00

0.89
1.00
0.31

474.27
-0.50
-0.16

474.11
474.11

0.97> 0.5 =6" O.K.
4.61 >0.8 x 54"/12 O.K.

Pressure Conduit

•

USHGL @ Outlet
Pipeline Data:

Downstream:
Qo = 71.0cfs
Length = 105.3 ft
Do = 54 inches
s = 0.0010 ftlft
Vo = 4.46 fps
V0

2/2g = 0.31 ft
51 = 0.0013 ftlft
hj = 0.14ft

Upstream:
Qu= 71.0 cfs
Du = 48 inches

474.13

•
September 1,1992



•

•

•

Closed Conduits

enlargement of pipe size, as in this case, the pressure change across the junction is
negative, even though there is a loss in total energy.

MH-4: Figure 4.19 depicts MH-4, which is typical of round manholes for which
Figures 4.13 and 4.14 are usedto determine pressure change coefficients.

Known quantities are:
» the elevations of the top and bottom of the manhole,
» the manhole diameter,
» the rates of flow in each pipe,
» the pipe diameters, and
» the elevation of the downstream (outfall pipe) pressure line at the branch

point.

From this information, calculate the ratios Dr./Do,Du/Do,Qu/Qo, and B/Oo, the
figure factor Qu/Qo x Do/Duand the outfall velocity head. The values ofDr./Do
and Qu/Qo x Do/Du indicate that Figures 4.13 and 4.14 are applicable in this
case.

Figure 4.13 (for square manholes) is used to obtain the pressure change coefficient
KL for the lateral pipe even though MH-4 is around manhole. First, read KL" for a
square manhole from the lower graph of Figure 4.13 and reduce it by 0.2 ~
accordance with the Table 4.3. The outfall pipe entrance is sharp-edged in this case,
so no further reduction is made. The upper graph of the figure is used to obtain the
multiplying factor ML, then KL is obtained by multiplying KL* by ML. Next KL is
multiplied by the outfall velocity head to obtain hL, the change in pressure (or
pressure rise) at the manhole. Finally, hL is added to the outfall pressure line
elevation to obtain the elevation of the lateral pipe pressure lineat the branch point.

Use Figure 4.14-for square or round manholes--to obtain the pressure change
coefficients Ku for both the upstream in-line pipe and the water depth in the
manhole. First, t:ead Ku" for all flow from the lateral from the lower graph of Figure
4.14 and use it without modification since, in this case, the outfall entrance is
square-edged. Note that no reduction is to be made for the round manhole cross
section. Next, read MU from the upper graph of the figure and obtain Ku by
multiplying Ku" by Mu. Then multiply Ku by the velocity head in the outfall to
obtainhu, the change ofpressure. Next, add hu to the outfall pressure line elevation
to obtain the elevation oftheupstream in-linepipe pressure lineat thebranch point.
The water surface elevation in the manhole is the same as the pressure line for the
in-line pipe. Finally, check the clearance of the water surface below the top of the
manhole to make certain it is ample. .
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Figure 4.19
Storm Drain Design Example for Manhole No.4"

(Use Figures 4.13 and 4.14 for CalculaUons) •
Entrance to downstream
pipe is rounded

Dl = 30·

Q l = 25.0 t"Line MH-1 - MH-2

from MH-6

Plan
Item

Top of Manhole Elevation, ft
Bottom of Manhole Elevation, ft
Lateral Flow Ql, cfs
Upstream In-Line Row Qu, cfs
Outfall Flow Qo, cfs
Lateral Pipe Ratio DJDo
In-Line Pipe Ratio DulDo
Rgure Factor QulQo xDdDu
Manhole Diameter B, inches
Manhole Size Ratio BlDo
Outfall velocity head Vo2/2g, ft
Downstream Pressure Elevation, ft
Lateral Pressure Rise Coefficient (square-edged entrance)

Rgure 4.13 Kt.* for square-edged manhole
Kt.* for round-edged manhole (less 0.2)
Rgure 4.13 Ml
Kt. =Kt.* XMl

Q--

476.00

.---f-~- 475.50

Elevation
MH-4

476.00
470.15
25.00
46.00
71.00
0.63
0.88
0.74

48.00
1.00
0.50**

475.08

0.95
0.75
0.61
0.46

•

** The use of rounded entrance from manho"le to outlet pipe is usually not economically
justified when Vo2/2g < 1.0.

(continued)
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*** This value will be used later in the computations to start the lateral pipe computations from
MH-4 to MH-6. .

Item

Upstream:
Ou= 46.0 cfs
Du= 42 inches
Vu= 4.78 fps

•

•

Lateral Pressure Rise, Kt. xVo2/2g, ft
Lateral Upstream Pressure Elevation, ft
Upstream Pipe Pressure Rise Coefficient
Figure 4.14 Ku* for square or round Manhole
Mu
Ku=Ku*x Mu
In-Line Upstream Pressure Elevation, ft
Water Surface Elevation, ft
Clearance, Water Below Top, ft
Distance Above Invert, ft
USHGL@MH-5
Pipeline Data:

Downstream:
00 = 71.0 cfs
Length = 405 ft
Do = 48 inches
s = 0.0015 ftlft
Vo = 5.65 fps
Vo

2
/2g = 0.50

Sf = 0.0024 ftlft
hI = 0.97

Closed Conduits

MH-4

0.23
475.31***

1.86
0.45
0.84

475.50
475.50

0.50 OK
5.35 Pressure Conduit O.K.

474.11

Lateral:
OL = 25 cfs
DL = 30 inches
VL = 5.09fps

•

MH-3: MH-3 (Figure 4.20) is typical of junctions for which the pressure change
coefficients in Figure 4.16 apply.

Known quantities are:
» the gutter elevations,
» the manhole bottom elevation,
» the flow rate,
» the pipe diameter,
» the deflection angle and characteristics, and
» the elevation of the downstream pressure line.

From this information, the velocity head of the outfall flow may be determined.
Read the loss coefficient Kb from Figure 4.16 and multiply it by the outfall velocity
head to obtain the rise of the water surface above the downstream pressure line
elevation. This corresponds to the upstream pressure line elevation. Check the
clearance of the water surface below the gutter.

September 1, 1992





•

•

Closed Conduits

MH-2: Figure 4.21 illustrates MH-2. Use Figure 4.15 to obtain the pressure change
coefficients.

Known quantities are:
» the gutter elevation,
» the inlet bottom elevation,
» the pipe inflow rates,
» the outfall flow rate,
» the pipe diameters, and
» the elevation of the downstream (outfall pipe) pressure line at the inlet

center.

From this information, calculate the velocity head of the outfall flow, the ratios
DL/Do,Do/Do,andQu/Qo Figures 4.13 and 4.14shouldnotbeused for DL/Do <0.6
if other solutions are possible. Enter Figure 4.15 at the ratio Du/Do and read
Ku (also equal Ki) at the curve or interpolated curve for Qu /Qo. If the factor
Qu/Qo x Do/Du is greater than 1.00 when checking the applicability of Figures
4.13 and 4.14, Ku will be negative in sign. This provides a check on proper use of the
figures. Neithermanholeshape, norsize,nor relativesizeofthe lateralpipewillmodify
the coefficients of Figure 4.15.

Next, multiply Ku by the outfall velocity head to obtain hu, the change of pressur~
at the manhole. Finally, subtract (or add) hu (or hy) to the outfall pressure line
elevation to obtain the elevation of the upstream in-line pipe pressure at the
manhole center. The lateral pipe pressure line and water surface elevation will
correspond to the upstream in-line pipe pressure line elevation. Check to make

'certain the water surface is above the pipecrowns to justifyusing these figures, and
that it is sufficiently below the top of the manhole to indicate safety from overflow.

Deflectors in the manhole are not effective in the ranges coveredbyFigure4.15, and,
therefore, need not be used.

Inlet 1-8 is similar to Inlets 1-1 and 1-7and is not analyzed in this example. _

MH-l: MH-l (Figure 4.22) has four laterals and has been included to illustrate the
use of the design figures for a condition not specifically covered by them. The
following parameters are needed to determine which figures to use (see Table 4.2):

Qu/Qo = 0.17 < 0.3,

The r~sults indicate that Figures 4.11 and 4.12

Oo/Do=0.50

•
Known quantities are:
» the gutter elevation,
» the elevation of the inlet bottom,
» the lateral pipe and the grate (in this case, upstream) inflow rates, and
» their total-the outfall flow rate, the pipe diameters, and the elevation of

the downstream (outfall pipe) pressure line.
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Figure 4.21
Stonn Drain Design Example for Manhole No. 2

(Use Figure 4.15 for Calculations)

480.21

•

~=~D 1 ~=~D
~.- ..._.._-_.. ---1---- .---- .----..

I
Do =42· Du

472.47 471.97

~-
Do

Plan

Item

Top of Manhole Elevation, ft
Bottom of Manhole Elevation, ft
Lateral Flow Qb cfs
Upstream In-Une Flow Qu, cfs
Outfall Flow Qo, cfs
Flow Ratio QulQo
Lateral Pipe Ratio DJDo
In-Line Pipe Ratio DuiDo .
Outfall Velocity head V02/2g, ft
Factor QulQo x DdDu
Downstream Pressure Elevation,

Assume Square-edged Entrance
Figure 4.15; Ku and Kt.

Upstream Pressure Rise, -0.18 x 0.35 ft
Upstream Pressure Elevation and WSE, ft
Clearance, Water Below Top, ft
Distance Above Invert, ft
USHGL@MH·3
Pipeline Data: .

Downstream:
Qo = 46.0 cfs
Length = 240 ft
Do = 42 inches
s = 0.00.60 ftIft
Vo = 4.78 fps
V0

2/2g = 0.35 ft
51 = 0.0021 ftlft
ht = 0.50

Upstream:
Qu= 41.0 cfs
Du= 36 inches
Vu= 5.80 fps·

Elevation

MH·2

480.21
471.97

5.00
41.0
46.0
0.89 > 0.7
0.29 < 0.6
0.86
0.35
1.03

476.26

.Q.18

.Q.06
476.20

4.01 OK
4.23 Pressure Conduit OK

475.76ft

Lateral:
QL= 5.0cfs
DL = 12 inches
VL= 6.37fps

•

•
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Figure 4.22
Storm Drain Design Example for Manhole No. 1

(Use FIgure 4.11 for Calculations)

Du = 18"

t 7.0 cfs

,

DR =18" i DL =30"
I- _.._ _-_ _..•.j-.._ __ - __. --- 27.0 cfs
!

7.0 cfs i
I
i

Do =36"

0= 41.0 cfs

Plan

Pressure Une

v~~L::;=t-~
Ku~----l

29

Ou_

473.83

Elevation

Water Surface
478.09

. ~ Pressure Une
/ 477.15

•

•

. Item

Gutter Elevation, ft
Inlet Bottom Elevation, ft
Flow Ratios

QulQo
QHv/Qo
QLV/QO

Pipe Size Ratios
DLv/Do
DHv/Do

rDHvlDLV
Velocity Head Vo2/2g,ft
Downstream Pressure Elevation, ft
Figure 4.11:

Factor Hfor existing lateral
Factor Lfor existing lateral
Kt. =for new lateral
KR =H-L, for lateral

Pressure Rise existing lateral 3.2 x 0.52
New 30~nch lateral 1.8 x 0.52

LateraiFressure Elevation, ft
Exist lateral &in-line
New30-inch

Water Surface Elevation in Inlet, ft
Clearance, Gutter to Water, ft
Distance Above Invert (ck 30-inch), ft
USHGL@MH·2

September 1, 1992

MH·1

481.62
473.32

0.17
0.66
0.17

0.50
0.83
1.67
0.52

4n.15

3.7
0.5
1.8
3.2
1.66
0.94

478.81
478.09
478.09

3.53 OK
4.n Pressure Conduit OK

476.20

(continued)
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Figure 4.23
Stann Drain Design Example for Inlet No. 6

(Use Figure 4.10 for Calculadons)

Water Surface
479.70

,

Qa =2.6 I 481.00

..............__!C -
Pressure Line
~ .

"""'..,.;.•••~••;.l;••~.~.;--.1!'--'-"'.........,~........
v 2 i

Ku 2~ i .
~7

r.................... Pressure Line
: .
i

D ! Do
~==u====~ 479.44 . ijDL
t- 1"1 t"\

~·tJ ~
Qu

Do = 30"

~QL = 2.6

DL = 12".

Du =27" r---~.;.JL.-----.
Qa = 2.61

Qu =21.8 '- i--. -_ _ _ ·__..·_ ·_·f· ·__·· ·· _ --0:-= 27.0

t

477.80 1"'--476.30

Plan Elevation

•

•

Item

Gutter Elevation, ft
Inlet Bottom Bevation, ft
Grate Inflow, Qa ,cfs
Upstream In-Line Row, Qu, cfs
Left Lateral Row, Ql, cfs
Outfall Row, Qo, cfs
Outfall Pipe Diameter D'1 inches
Outfall Velocity Head Vo12g, ft
Flow Ratios

QulQo
QdOo

Pipe Size Ratio
DulDo

Downstream Pressure Elevation, ft
Pressure Elevation Above Bottom, ft
Estimated diDo
Pressure Rise Coefficient for U.S. Main and Lateral

Figure 4.10: Ku=0.45+0.10
Pressure Rise 0.55 xVo2/29, ft
Upstream Pressure Line Elevation for Main and Lateral and

Water Surface Elevation, ft
Check diDo
Clearance, Gutter to Water, ft
USHGL@MH·1

Inlet 6

481.00
476.30

2.6
21.8
2.6

27.0
30.0
0.47

0.81
0.10

0.90
479.44

3.14
1.4

0.55
0.26

479.70
1.36 ... 1.4 O.K.
1.30

478.09

(continued)
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Pipeline Data for 1·6:
Downstream:
Qo = 27.0cfs
Length = 314 ft
Do = 30 inches
s = 0.0079 ftIft
Vo. = 5.5 fps
Vo

2/2g = 0.47ft
Sf = 0.0043 ftIft
hr = 1.35 ft

Upstream:
Qu= 21.8 cfs
Du = 27 inches
Vu= 5.48 fps

Lateral:
QL = 2.6cfs
DL = 12 inches
VL = 3.31 fps

•

From the lateral pipe flow rates and sizes, determine the velodty in each of the
laterals, and identify the two laterals as higher-velodty and lower-velocity. In this
case, the existing line has the higher-velocity. From the known data and the above
determination, the ratios Qc/Qo, QHv/Qo, QLV/Qo, DHv/Do, DLv/Do, and
DHv/DLv (1.0 in this case) are calculated.

Next, calculate the velodty head of the outfall flow. Then, tabulate the elevation of
the downstream pressure line for convenience in adding the pressure rise, which is
now calculatedusing Figure 4.11. Read the pressure factors HandL from the figure,
and identify, by the lateral, to which the D and Q of the two graphs apply. The
difference between H and L (3.0 - 0.6 = 2.4) is the pressure change coeffident KR =
KLV for the new lateral to inlet 3, the lower-velocity lateral. The constant coefficient
KL =KHV is 1.8 because grate flow is involved: Each coefficient is multiplied by the
velocity head of the outfall flow to obtain the pressure changes hLV and hHV for the
laterals. The pressure change is always positive, that is, prodUcinga rise in pressure
upstream, for inlets of this type. Thus hLV, thepressure rise, is added to the elevation
of the outfall pipe (downstream) pressure line to obtain the elevation ofthe pressure
line in the lower-velocity lateral at the branch point. Similarly, hHV isused to obtain
the elevation of the pressure line of the higher-velocity flow in the existing line. The
water surface elevation in the inlet corresponds to the latter pressure line. Finally,
check the clearance of the water surface below the gutter.

The alternate offset lateral arrangement, with the existing lines in the far position,
is examined in the right-hand column of the tabulations. The position for use of
Figure 4.12 is similar to that shown in the center column. In this case, the existing
line is found to have the higher pressure line elevation. Although the pressure
difference at 1-5 is not large, it is significant in this case because the existing pipeline
had the larger discharge rate and consequently the greaterfriction slope for its flow.
Since the pressure line in this pipe is steeper in this example than in the new pipe
to 1-3, it is advisable to select the arrangement at the inlet which places the existing
pipe in the near position; that is, the design shown by the center column in Figure
4.24.

It is worthwhile to note that the water surface elevation in 1-5 is, for all intents and
purposes, at the levelofthe gutter. Thisprovidesan "automaticvalve" inthesystem,
preventing extra runoff from entering the systemand causingunforeseen problems
at other locations in the pipe network.

•

•
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Figure 4.24
Storm Drain Design Example for Inlet No. 5

(Use Figures 4.11 and 4.12 for Calculations)

Une to
Inlet 3

Same pipe
and discharge

Invert in = 4n.64

00 =21.8 cis
Une to Inlet 6

Do" 27"

0.23 0.23 0.23
0.33 0.44
0.44 0.33

.. 0.44
0.33

0.67
0.67 0.67
0.49 0.66
0.66 0.49

0.47 0.47 0.47

480.04 480.04 480.04

3.0
0.6
2.4
1.8
1.13
0.85

(Continued)

Gutter Elevation, ft
Inlet Bottom Elevation, ft
AowRatios

.QdOo
QP'Oo
QNiQo
QHV/QO
QLV/QO

Pipe Size Ratios
DLVlDo= DHVIDO
Dp'Do = DNiDo
Factor QP'Oo x DoIDF
QNiQo XDdDN

Velocity Head Vo
2l2g, ft

Downstream Pressure
Elevation, ft
Figure 4.11:

Factor Hfor existing lateral
Factor Lfor new lateral
KR =H·L, new lateral
~ existing lateral

Pressure Rise new lateral Inlet 3,2.4 x 0.47
Pressure Rise existing lateral, 1.8 x0.47

•

•

In-Line Laterals

Item

September 1, 1992

Offset Laterals
New Line =Far Lateral

In·L1ne
Laterals

481.50
476.50

Offset Laterals
existing Line = Far Lateral

New Une Existing Line
Far Lateral Far Lateral

481.50 481.50
476.50 476.50



Storm Drains

Offset •In·L1ne 3·5 existing Line
Item Laterals New Lateral Far Lateral

Figure 4.12 Kfor 3-5 !<F =2.0 !<N = 1.4
Kfor existing !<N=1.4 !<F = 1.9

Pressure Rise, new lateral 2.0 x0.47 0.94
Pressure Rise, existing 1.4 x0.47 0.66
Pressure Rise, new lateral 1.4 x0.47 0.66
Pressure Rise, existing, 1.9 x0.47 0.89
Upstream Pressure Elevation, ft

New Une to Inlet 3 481.17 480.98 480.70
Existing lateral 480.89 480.70 480.93

Water Surface Elevation in Inlet, ft 480.89 480.98 480.93
Clearance, gutter to water, ft 0.61 0.52 0.57 O.K.
Depth of Water in Inlet, ft 4.39 4.48 4.43 Pressure

Conduit O.K.
USHGL @ Inlet 1·6 479.70
Pipeline Data for 1·5:

Downstream: New Line to Inlet 3: Existing Line:
Qo = 21.8 cfs QR= 7.3 cfs QL = 9.5 cfs
Length = 67.0 ft DR = 18 inches DL= 18 inches
Do = 27 inches VR= 4.13fps VL = 5.38 fps
s = 0.0030 ftlft
Vo = 5.48 fps

2 0.47 ftVo /2g = •51 = 0.0050 ftlft
ht = 0.34ft

Inlet No. 3: Figure 4.25 illustrates 1-3, Using the pressure change coefficients from
Figure 4.10.

Known quantities for 1-3 are:
» the gutter elevation,
» the inlet bottom elevation,
» the pipe and grate inflow rates,
» the outfall flow rate,
» the pipe diameters, and
» the elevation of the downstream (outfall pipe) pressure line at the branch

point.

From this information, calculate the velocity head of the outfall flow, the ratios
Du/Do, Qu/Qo and Qc/Qo, and the distance from the downstream pressure line
to the inlet bottom. Next estimatediDo including an allowance for hu. Next obtain
Ku from Figure 4.10 using a base value from the lower graph and adding an
increment from the upper graph for diDo = 2. Multiply the total for K by the
velocityhead in the outfall to obtain hu, thechangeofpressure. Addhu to the outfall
pressure line elevation to obtain the elevation of the upstream in-line pipe pressure
line at the branch point. The pressure line of the lateral pipe and the water surface
in the inlet will correspond to this upstream in-line pipe pressure elevation. Finally, •
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Figure 4.25
Storm Drain Design Example for Inlet No. 3

(Use Rgure 4.10 fOr Calculations)

Une to Inlet 4

Line to Inlet 2 OG = 1.5 Line to Inlet 5

\
Ou=4.2 ~===I I 0 0 =7.3

__- .--_.' ..-t-----.....-.-----

I 00-'8"

Plan

Ou

Line to Inlet

!~483.94

T"-I-';'-"'....f 482.46

Elevation

•

•

Item

Gutter Elevation, ft
Inlet Bottom Elevation, ft
Grate Inflow, Qa, cfs
Upstream In-Line Flow, Qu, cfs
Right Lateral Row, QR. cfs
Outfall Row, Qo, cfs
Outfall Pipe Diameter Do, inches
Outfall Velocity Head V0

2
/2g, ft

Row Ratios QulQo
QalQo

Pipe Size Ratio DulDo
Downstream Pressure Elevation, ft
Pressure Elevation Above Bottom, ft
Estimated eIIDo
Pressure Rise Coefficient for U.S. Main and Lateral

Figure 4.10, Ku =1.05 +0.25
Pressure Rise 1.30 x Vo2/2g, ft
Upstream Pressure Line Elevation for Main and Lateral and

Water Surface Elevation, ft
CheckcllDo
Clearance, Gutter to Water, ft
Depth of Water in Inlet, ft
USHGL @Inlet 5

September 1, 1992

1-3

483.94
479.19

1.5
4.2
1.6
7.3

18.0
026
0.58
0.21
0.83

482.12
2.93
2.1

1.30
0.34

482.46
2.18
1.48 O.K.
3.27 Pressure Conduit OK

480.98 .

(continued)
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Pipeline Data for 1-3:
Downstream:
Qo =
Length =
Do =
s =
Vo =
V0

2
/2g =

Sf =

hj =

7.3 cfs
238 ft
18 inches
0.0065 ft/ft
4.13 fps
0.26 ft
0.0048 ft/ft
1.14 ft

Upstream:
Qu= 4.2 cfs
Du= 15 inches
Vu= 3.42 fps

Lateral:
QL = 1.6 cfs
DL = 12 inches
VL = 2.04 fps

•

recompute diDo to verify the initial estimate, and check the clearance of the water
surface below the gutter.

Inlet No.2: 1-2 (Figure 4.26) illustrates an inlet for which the pressure change
coefficients in Figure 4.9 apply.

Known quantities are:
» the gutter elevation,
» the inlet bottom elevation,
» the pipe and grate inflow rates,
» the outfall flow rate,
» the pipe diameters/and
» the elevation of the downstream (outfall pipe) pressure line at the inlet

center.

From this information, calculate the velocity head of the outfall flow, the ratios
Oo/Do and Qu/Qo, and the distance from the downstream pressure line to the
inlet bottom. Next, estimate diDo including an allowance for hu. Next, read KU
from Figure 4.9 (the lower graph in this case) and multiply it by the velocity head
in the outfall to obtain hu, the change of pressure. Then, add hU to the outfall
pressure line elevation to obtain the elevation of the upstream in-line pipe pressure
line, to which the water surface in the inlet corresponds. Fmally, recompute diDO to
verify the initial estimate, and check the clearance of the water surface below the gutter.

Inlet No.1: 1-1 (Figure 4.27) illustrates an inlet to which Figure 4.7 applies for
box-side outfall. The determination of the water surface elevation in the inlet
proceeds in the same manner in either case.

Known quantities are:
» the gutter elevation,
» the inlet bottom elevation,
» the inflow rate,
» the outfall pipe diameter, and .
» the elevation of the downstream (outfall pipe) pressure line.

From this information, calculate the velocity head of the outfall flow and the depth
from the downstream pressure line to the inlet bottom. Then estimate diDo

.. ;:::::;:::::;:::::::;:;:::;:;:::::::;::....:::;:;:;:::::::::::::;:;:;::=::::::;:::::-;::::::::::::::::::::::;:::::;:::::;:::::;:;:::::;:::::::::::::::::::::::::;::::::::....:::::::::::;:;:;:::;:::::::::::;::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::~:::::::::::::::: ....::::::::::::::::::::::::::::~::::::::::::::::~::::::::::~::::::::::.::::: ....:::::::~:::"«<-~~~::$::::::::::: ....:::~::::~'$:~:::::::::::::'$$~~'$
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Storm Drains

Figure 4.27
Stonn Drain Design Example for Inlet No. 1

(Use Figure 4.7 for Calculations) •
5' x 2' bqx
with top grate

....--...
OG Do

~ 0
0..................................~.-

t
'--_...J Outfall pipe from

inlet box side

Plan

Item

Gutter Elevation, ft
Inlet Bottom Elevation, ft
OG = 00, cfs
Do, inches
Outfall Velocity Head V0

2
/2g, ft

Downstream Pressure Elevation, ft
Pressure Elevation Above Bottom, ft
Estimated diDo
Water Depth Over Pressure Une

Figure 4.7:~
Rise, Ka xV0

2/2g, ft
Water Surface Elevation, ft
Check diDo
Clearance, Gutter to Water, ft
Depth of Water in Inlet, ft
USHGL @ Inlet 2
Pipeline Data for 1-1:

00 = 2.4cfs
Length = 208 ft
Do = 12 inches
s = 0.0084 ft/ft
Vo = 3.06 fps
V02/2g = 0.18 ft
Sf = 0.0045 ft/ft
ht = 0.94 ft

4-62

All flow enters through grate

i(· 486.28
OG-...... !" ; V;

'l rKu
2g

1 ----i VVa~rSurta09

[

! 484.83
d .. [... ·····r··y· :84~33 Una

! 1-

/
. to 0 0 =OG = 2.4 efs

482.00 !

Elevation

1·1

486.28
482.00

2.4
12.0
0.15

484.33
2.33
2.8

3.3
0.50

484.83
2.8
1.45 O.K.
2.83 Pressure Conduit O.K.

483.39
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Closed Conduits

including an allowance for hc. Then read I<e read from Figure 4.7 and multiply it
. by the velocity head in the outfall to obtain hc, the rise of the water surface elevation

above the pressure line. Finally, add hc to the outfall pressure line elevation to
obtain the water surface elevation; recompute diDo to determine the accuracy of
the initial estimate; and check the clearance of the water surface below the gutter.

4.2.5.2 Lateral Calculations: Inlet No. 1 completes the main line computations. It
is now necessary to compute the hydraulic grade line in the laterals. Some inlets which
are repetitive in procedure have not been included in the example computations.

MH-6: MH-6 is a typical round manhole using data from Figure 4.13. Calculations
for determining the pressure change coefficients for MH-6 are presented in Figure
4.28. .

Known quantities are:
» the elevations of the top and bottom (flowline) of the manhole,
». the manhole diameter,
» the rate of flow,
» the two pipe diameters (equal in this case), and
» the elevation of the downstream (outfall pipe) pressure line at the branch

. point.

From this information, calculate the ratios DL/Do and BIDo, and the velocity head
of the outfall flow. Figure 4.13 (for square manholes) is used to obtain the pressure
change coefficient KL even though MH-6 is round (where QL=Qo, KL =KL*). First,
read KL for a square manhole from Figure 4.13 at DL/Do =1.00 and BlDo =1.60,
redUcing this value by 0.1 for the round manhole in accordance with Table 4.3. The
outfall pipe entrance is sharp-edged in this case, so no further reduction is made.
Next, multiply KL*by the outfallvelocity head to obtain hL, the change of pressure
(orpressurerise) at themanhole. Finally,addhLto the outfallpressurelineelevation
to obtain the elevation of the lateral pipe pressure line at the branch point, or
manhole center. This is the water surface elevation in the manhole. Finally, check
the clearance of the water surface below the manhole top.

MH-7: Use Figure 4.16 to determine the pressure change coefficients for MH-7
(Figure 4.29).

Known quantities are:
» the gutter elevations,
» the manhole bottom elevation,
» the flow rate,
» the pipe diameter,
» the deflection angle and characteristics, and
» the elevation of the downstream pressure line.

From this information, determine the velocity head ofthe outfall flow. Read the loss
coefficient K from Figure 4.16 and multiply it by th~ outfall velocity head to obtain
the rise of the water surface above the downstream pressure line elevation. This
corresponds to the upstream pressure line elevation. Check the clearance of the
water surface below the gutter.
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Figure 4.28
Stann Drain Design Example for Manhole No. 6

(Use Figure 4.13 for Calculations) •
Deflector

Do = 30"

l0 0 = 25.0
. Line to MH-?

Line to MH·4

Plan Elevation

•

•

MH·6

478.21
471.61

25.0
25.0
30.0

1.00
48.0

1.60
0.40

475.91

1.55
1.45
0.58

476.49
1.72 O.K.
4.88 Pressure Conduit O.K.

475.31

Upstream:
Qu= 25cfs
Du= 30 inches
Vu= 5.09 fps

Item

Top of Manhole Elevation, ft
Bottom Manhole Elevation, ft
Lateral Flow Qb cfs
Outfall Row Qo, cfs
Outfall Pipe Diameter Do, inches
Pipe Size Ratio DLlDo
Manhole Diameter B, inches
Manhole Size Ratio BIDo
Outfall Velocity Head V0

2/2g, ft
Downstream Pressure Elevation, ft
Pressure Rise Coefficient (square-edged entrance),

Figure 4.13 KL for square manhole
KL for round (less 0.1)

Pressure Rise 1.45 x0.40 ft
Upstream Pressure Une and Water Surface Elevation, ft
Clearance, Water Below Top, ft
Depth of Water in Manhole, ft
USHGL@MH-4
Pipeline Data for MH·6:

Downstream:
Qo = -25cfs
Length = 162 ft
Do = 30 inches
s = 0.0084 ftlft
Vo = 5.09 fps
Vo

2/2g = 0.40 ft
Sf = 0.0037 ftlft
I1j = 0.60 ft
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Figure 4.29
Storm Drain Design Example for Manhole No. 7

(Use Figure 4.16 for Calculations)
482.52

48" dia. manhole

477.52

Pressure Line.................
'4'77.42'"

475.11

Pressure Line

Plan Elevation
Item

Gutter Elevation, ft
Manhole Bottom Elevation, ft
Upstream =Downstream Flow, cfs
Upstream Pipe Diameter, inches
Downstream Pipe Diameter, inches
Outfall Velocity Head V0

2/2g, ft
DuiDo
(This implies that there is no contraction or expansion headloss)
Deflection Angle .
Downstream Pressure Elevation, ft
Figure 4.16, !<i)
Upstream Pressure Rise =!<i) xVo2/2g
Upstream Pressure Elevation, Water Surface Elevation, ft
Clearance, Water Below Top, ft
Depth of Water in Manhole, ft

•

•

USHGL@MH·6
Pipeline Data for MH-7:

Downstream:
00 = 25.0cfs
Length = 250.0 ft
Do = 30 inches
s =·0.0140 ftIft
Vo ::: 5.09 fps
V0

2
/2g = 0.40 ft

Sf = 0.0037 ftIft
~ = 0.93-

Upstream:
Ou= 25.0cfs
Du= 30 inches
Vu= 5.09 fps

MH·7

482.52
475.11

25.0
30.0
30.0
0.40
1.0

40'
4n.42

025
0.10

. 4n.52
5.00 O.K.
2.46 Assuming

flowing full
476.49
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Figure .4.30
Storm Drain Design Example for Inlet No. 9

(Use Figure 4.11 for Calculations)
483.00

478.59
Du

Qu
Do = 30"

QL = 3.0 (V=3.82 fps)
I

Du = 24"

5' x 4' box

Qu = 15.0 I 00 = 25.0...........--.... ---_. _.__..._...........-.__.-_.- ._......__.__ .---....-
i
!

I

tQR =7.0 (V=3.96 fps) 475.35

Plan Elevation

•
Item

Gutter Elevation, ft
Inlet Bottom Elevation, ft
Flow Ratios

QulQo
QHv/Qo
QLv/Qo

Pipe Size Ratio
DLv/Do
DHV/Do
DHv/DLv

Velocity Head Vo
2
/2g, ft

Downstream Pressure Elevation, ft
Figure 4.11

Factor H
Factor L
Kt. =H-L
KR=

1·9

483.00
475.35

0.60
0.28
0.12

0.40
0.60
1.50
0.40

4n.83

3.1
0.6
2.5
1.8 (high velocity

lateral)

•

Pressure Rise Left Lateral =2.5 x0.40 ft
Pressure Rise Right Lateral =1.8 x0.40 ft
Upstream Pressure Elevation Left Lateral, ft
Upstream Pressure Elevation Right Lateral, ft
Water Surface Bevation, ft
Clearance, Gutter to Water, ft
Depth of Water in Inlet, ft

USHGL@MH·7

1.0
0.72

478.83
478.55
478.55

4.45 OK
3.20 Pressure Conduit OK

Downstream &
Laterals

477.52

(continued)
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Pipeline Data for 1-9:
Downstream:
Qo = 25.0 cfs
Length = 85 ft
Do = 30 inches
s = 0.0028 ftIft
Vo = 5.09 fps
Vo2/2g = 0.40 ft
Sf = 0.0037 ftIft
h, = 0.0031 ft

Upstream:
Qu= 15.0 cfs
Du = 24 inches
Vu= 4.77 fps

L.lateral:
Q = 3.0 cfs
o = 12inches
V = 3.82 fps

R. Lateral:
Q= 7.0 cfs
o = 18 inches
V = 3.96fps

•

•

•

= 482.60
482.60 + d + i/2g = 484.66

Computations:
DoWnstream Pipe:
Q, = 25.0 cfs from Manning's Equation
OIQ, = 0.60
diD = 0.63 (Figure 4.6)
d = 1.26 ft = Normal Depth
V, = 7.97fps
VN, = 0.90 (Figure 4.6)
V = 7.16 fps
i/2g = 0.80 ft
Downstream Invert Elevation
Downstream Energy Grade Une Elevation =
Upstream Pipe:
Q, = 19 cfs from Manning's Equation
QlQ, = 0.79
diD = 0.75 (Figure 4.6)
d = 1.31 ft = Normal Depth
V, = 6.24 fps
VN, = 0.98 (Figure 4.6)
V = 6.11 fps
i/2g = 0.58 ft

MH-8: Although no figure is providedfor MH-8, this discussion has been included
to illustrate junction energy loss computations with open channel flow. The follow
ing data apply:

USHGL @ Inlet 1-9 must be computed:
Q = :15.0 cfs
o = 24 inches Downstream
o = 21 inches Upstream
Length to MH-8 = 300 feet
s = 0.0121/ft Downstream
s = 0.0141/ftUpstream
No Deflection in Manhole
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• Head Losses for Expansion i:: 0.2 (il hv) =0.2 (0.80 -0.58) =0.04 ft
Downstream Energy Grade Une Elevation

+Loss for Expansion
Upstream Energy Grade Line Elevation

- Upstream Velocity Head
- Upstream Depth of Aow

Upstream Invert Elevation

Closed Conduits

484.66
+0.04
484.70

0.58
1.31

482.81

•

•

Inlets 4 and 7: 1-7 (Figure 4.31) uses Figure 4.7 for box-side outfall. 1-4 (Figure 4.32)
also uses Figure 4.7, but for box-end outfall. The determination of the water surface
elevation in the inlet proceeds in the same manner in either case.

Known quantities are:
» the gutter elevation,
» the inlet bottom elevation,
» the inflow rate,
» the outfall pipe diameter, and
» the elevation of the downstream (outfall pipe) pressure line.

From this information, calculate the velocity head of the outfall flow and the depth
from the downstream pressure line to the inlet bottom. Then estimate diDO
including an allowance of hG. Then read Kc from Figure 4.7 and multiply it by the
velocity head in the outfall to obtain hG, the rise of the water surface elevation above
the pressure line. Finally, add hG to the outfall pressure line elevation to obtain the
water surface elevation; recompute diDo to verify the initial estimate; and check
the clearance of the water surface below the gutter.

Figure 4.33 provides a profile for the design example discussed in this section.
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Figure 4.32
Stann Drain Design Example for Inlet No. 4

(Use Figure 4.7 for Calculations)

:

1(483.94! All flow enters through grate
: V 2
: Ko 0

1 --f 29 Water Surface

i 482.89
!

f··.......="='===
i
~
! -Oo=~

1~480.50

Outfall pipe from
inlet box end

S'x 2' box
with
top grate

Plan Elevation

•

•

Item

Gutter Elevation, ft
Inlet Bottom Elevation, ft
00 =00, cfs
Do, inches
Outfall Velocity Head V0

2
/2g, ft

Downstream Pressure Elevation, ft
Pressure Elevation Above Bottom, ft
Estimated diDo
Water Depth Over Pressure Line

Figure 4.7 Ka
Rise, Ka xV0

2/2g, ft
Water Surface Bevation, ft
Check diDo
Clearance, Gutter to Water, ft
Depth of Water in Inlet, ft
USHGL @Inlet 3
Pipeline Data for 1-4:

00 = 1.6 cfs
Length = 67.0 ft
Do. = 12 inches
s = 0.0121 ftlft
Vo = 2.04 fps
V0

2/2g = 0.06 ft
Sf = 0.0020 ftlft
hJ = 0.13

1·4

483.94
480.50

1.6
12.0
0.06

482.59
2.09
2.5

5.0
0.30

482.89
2.39
1.05
2.39

482.46
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Figure 4.33
Profile of Example Problem Sewer

Showing Hydraulic Properties
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1111111111111. Culverts
:::::;:::::::;:::;:;:::::;::::::

i::·:!:!i!:~:~I:llilil·I!II:!1 The charts and procedures for culvert design used in this manual are taken from
:;:;:;:::;:;:;:::;:;:;:::::::::: the FederalHighway Administration Hydraulic DesignSeries Number5, Hydraulic

Design ofHighway Culverts. Culvert designers use this reference liberally as it is the
result of years of research and experience in culvert design and at this time
represents the state of the art.

4.3.1 Interaction of Culverts with Other Systems:
Culverts are primarily used for conveying runoff through a roadway embankment.
Theyare normally aligned with a natural wash ordrainage channel, which are often
outfalls for storm drainage systems. Culverts are typically associated with drains
on such a scale where bridges are not feasible. Regional drains are generally of a
magnitude that justifies the use of bridges. .

4.3.2 Culvert Criteria

4.3.2.1 Sizing

Crossroad culverts should be sized for the 50-year peak discharge. Other design
frequencies shall be used only with the approval of the governing municipality. -:

4.3.2.2 Minimum Velocity: A minimum velocity of 2.5 feet per second at design
capacity is recommended to assure a self-cleaning condition during partial depth
flow.

4.3.2.3 Maximum Velocity: As a practical limit, outlet velocities should be kept
below 15 feet per second unless special conditions exist. The maximum velocity
should be consistent with channel stability requirements at the culvert outlet. As
outlet velocities increase, the need for channel stabilization at the culvert outlet
increases. If culvert outlet velocities exceed permissible velocities for the outlet
channel lining material, suitable outlet protection must be provided. Outlet
velocities may exceed permissible downstream channel velocities by up to 10
percent without providing outlet protection if the culvert tailwater depth is greater
than the culvert critical depth of flow under design flow conditions. Tables 5.1 and
5.2 (pages 5-11 and 5-12) outline the permissible velocities for several channel lining
materials.

4.3.2.4 Materials: The selection ofa culvert materialmay dependuponstructural
strength, hydraulic roughness, durability, and corrosion and abrasion resistance.
The three most common culvert materials are concrete (reinforced and nonrein
forced), corrugated aluminum, and corrugated steel. Culverts may also be lined
with other materials to inhibit corrosion and abrasion. Linings are not recom
mended to reducehydraulic resistance becauseculvert linings have a short lifespan
and are seldom reapplied as part of normal culvert maintenance. When linings are
applied, the culvert sizing should neglect the reduced roughness from the lining
material.
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Skewed Channels: A good culvert design is one that limits the hydraulic and en
vironmental stress placed on the existing natural water course. This stress can be
minimized by designing a culvert which closely conforms to the natural stream in
alignment, grade, and width.

Often the culvert barrel must be skewed with respect to the roadway centerline to
accomplish these goals. Alterations to the normal inlet alignment are also quite
common.

The alignment of a culvert barrel with respect to a line normal to the roadway
centerline is referred to as the barrel skew angle. A culvert aligned normal to the
roadway centerline has a zero barrel skew angle. Directions (right or left) must
accompany the barrel skew angle (Figure 4.34).

Thebarrel skew is establishedfrom the stream locationand theproposed or existing
roadway plan. The advantages of using a natural stream alignment include a
reduction of entrance losses, equal depths of scour at the footings, less sedimenta
tion in multibarrel culverts, and less excavation. The disadvantage of this design
procedure is that the inlet may be skewed with respect to the culvert barrel and the
culvert will be longer, sometimes resulting in increased initial costs.

The angle from the culvert face to a line normal to the culvert barrel is referred t9
as the inlet skew angle (Figure 4.35). The structural integrity of circular sections is
compromised when the inlet is skewed due to loss of a portion of the full circular
section where a portion of the culvert barrel extends beyond the full section.
Although concrete headwalls help stabilize the pipe section, structural considera
tions should not be overlooked in the design of skewed inlets.

•

LEFT SKEW ANGLE

ZERO
SKEW
ANGLE

Agure4.34
Barrel Skew Angle
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\ ,

CULVERT ~

INLET SKEW ANGLE

Figure 4.35
Inlet Skew Angle

Culverts which have a barrel skewangle often have an inlet skewangle as well. This
is because headwalls are generally constructed parallel to a roadway centerline to
avoid warping of the embankment fill.

In cases where the culvert barrel cannot be aligned with the channel flowline, such
as when runoff is directed parallel to the roadway embankment to a suitable
crossing location, the flow enters the culvert barrel at an angle. The approach angle·
should be limited to a maximum of 90 degrees. When high velocities exist, inlet
losses resulting from turning the flow into the culvert should be considered. If
backwater computations are not employed and the approach channel velocity is
6 feet per second or greater, the following equation should be used to estimate the
loss. The loss should be added to the other inlet losses in the culvert design
computation:

•

•

Ht = (Va 2;2g) sin a (4.5)

Typical headwall/wingwall configurations for skewed channels are shown in
Figure 4.36.

Bends: A straight culvert alignment is desirable to avoid clogging, increased con
struction costs, and reduced hydraulic efficiency. However, site conditions may
dictate a change of alignment, either in plan or in profile. When considering a
nonlinear culvert alignment, particular attention should be given to erosion, •
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..------~------==

FLOW NORMAL TO EMBANKMENT

• FLOW SKEWED TO EMBANKMENT

•

FLOW PARALLEL TO EMBANKMENT

FLOW AND CULVERT SKEWED
TO EMBANKMENT

Ftgure4.36
Typical HeadwalllWlngwall Configurations

:::::':::::=1-::::::~:::::::::::::::;::::::::::i-::::::::::: :::~;:::::$::::::::::::::'::::::::::::::~:::::::::::::::: ;:;:;:;:;:;:;:;:;:;:;:;:::;:;:;:;:;:;:;:;:;:;:;:;:;:$$ ::::::::::::::$~:::::::::::"":::::::::::::::::::::::-;'::-;' -;.::::::::::-;.::::*:::-;.::::-;.-;.~-::::::-;::::.z.::-;-;':9~-::::::':'-;'-;::::!4::::::-;::::-;-;-;~':;-;*:-::'::::!(:::-;::-;::X-;::-;:::»':::-Z<';::,,<-,;::: ::::~::-;-;:"'/;::::::;;::::::::::'::::::-;$
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The upstream bend may act asa control section, with the flow passing through
critical depth just upstream of the bend. In this case, the upstream section of the
culvert operates in outlet control and the downstream section operates in inlet
control. Outletcontrolcalculation procedurescan beapplied to theupstreambarrel,
assuming critical depth at the bend, to obtain a headwater elevation. This elevation
is then compared with the inlet and outlet control headwater elevations for the
overall culvert. The controlling flow condition produces the highest headwater
elevation. Controlat the lowerbend is veryunlikelyand thatpossiblecontrolsection
can be ignored except for the bend losses in outlet control.

Flotation and Anchorage: Flotation is the term used to describe the failure of a
culvert due to the uplift forces caused by buoyancy. The buoyant force is produced
from a combination of high head on the outside of the inlet and the large region of
low pressure on the inside of the inlet caused by flow separation. As a result, a large
bending moment is exerted on the end of the culvert. This problem has been noted
in the case of culverts under high head, with shallow cover, on steep slopes, and
with projecting inlets. The phenomenon can also be caused by debris blocking the
culvert end or by damage to the inlet. The resulting uplift may cause the inlet ends
of the barrel to rise and bend. Occasionally, the uplift force is great enough to
dislodge the embankment. Generally, flexible barrel materials are more vulnerable
to failure of this type because of their light weight and lack of resistanc~~ to
longitudinal bending. Large, projecting, or mitered corrugated metal culverts ar~

the most susceptible. .

A number of precautions can be taken by the designer to guard against flotation.
Steep slopes (l to 1 or steeper) of adequate height, which are protected against
erosionbyslope pavingor head walls, help inlet and outlet stability. Whenembank
ment fill heights are less than 1.5 times the pipe diameter or fill slopes are flatter
then 1 to 1, flexible pipe installations should be provided with concrete headwalls
for dead load, and rigid pipe installations susceptible to separation at the joints
should be protected with tie bars. Limiting headwater buildup also helps prevent
flotation. It is desirable to limitdesign headwater depths to 1.5 times theculvert height.

Safety: The issue of safety includes the following principals:

1. Stormwater naturally accumulates, frequently in amounts that present
hazards to property, traffic, and life and health.

2. Because of the accumulation of stormwater, certain levels of hazards cannot
be eliminated.

3. $tormwater frequently carries substantial amounts ofdebris that can threaten
the hydraulic capacity of drainage facilities.

4. Devices placed on drainage facilities to restrict access by pedestrians will also
restrict hydraulic capacity.

5. Multipurpose uses of many conduits are desirable, may provide safer day to
dayconditions,andrequire relatively easypedestrianaccess todrainageworks
in order to be effectively used (trash racks would preclude this use).
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For trash racks with velocities less than 3.0 fps after the plugging factor is applied,
the losses caused by the trash rack can be ignored in computations. For greater
velocities the loss will be computed, and added to the computed water surface,
using the formula in Section 4.3.3.3.

Conditions that will cause racks to be used on outlets include:

1. Storm sewers, and

2. Inlets of pipes smaller than 7 feet in diameter that flow into recreation areas
that are not designed for pedestrian use.

Flap gates can beconsidered for substitution for trash racks onconduit outlets when
it can be shown that sedimentation will not prevent the flap gate from opening or
that the design of the outlet structure will reduce downstream sedimentation that
would prevent the flap gate from opening.

In instanceswhere openchannelsconnectconduits that meet thegeometricand hazard
requirements previously listed, Category Isafetydevices are required to restrict access
to the general public along the entire reach of that channel An example is a concrete
lined channel with 1:1 side slopes in a Class Bhazard, where the channel connects to
culverts and the lower culvert has an energy dissipator at its outlet

It should be noted that the current MAG standards cannot be used in most Qass A
hazard conditions, because the rack slope is too steep to provide sufficient open
area to reduce the velocity below 2 fps. These racks can be used in Oass B hazard
areas and may require that losses be calculated.

Some additional conditions to consider are:

» New development must meet predetermined standards that control flooding.
Design for safety sh.o~d not compromise those standards.

» Drainage works in existing areas will often not meet the standards for flooding
that is required of new development; however, where possible, the generally
agreed level of protection against flooding should be attained without com
promise for life and health safety.

4.3.2.8 Inlets: Culvert inlets are used to transition the flow from a ponded condi
tion upstream of the culvert into the culvert barrel. Losses caused by the inlets have
been studied extensively·for several types of inlets. The inlet control nomographs
in Section 4.3.4 give the required headwater depth to pass the design discharge
through several types of culvert entrances. The hydraulic capacity of a culvert may

-be improved by appropriate inlet selection. Since the natural channel is usually
wider than the culvert barrel, the culvert inlet edge represents a flow contraction
and may be the primary flow control. The provision of a more· gradual flow
transition will lessen the energy loss and thus create a more hydraulically efficient
inlet condition. Designcharts for improved inlets are contained in Hydraulic Design
of Highway Culverts (FHWA, HDS No.5, September 1985). It should be noted that

•

•

•
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improving culvert inlets Wtllcause the greatest increase in culvert capacity when
. the culvert is operating in inlet control. .

The hydraulic performance of culverts operating in inlet control can be improved
by changing the inlet geometry of the headwall. Improvements include bevel
edged, side-taperedand slope-tapered inlets. Theadvantage ofthese improvements
is to convert an inlet control culvert closer to outlet control by using more of the
barrel capacity.

A beveled-edge provides a decrease in flow contraction losses at the inlet and I<e is
reduced from 0.5 to 0.2, which can increase the culvert capacity by as much as 20
percent. Bevels are required on all culverts with headwalls and should be con
structed as shown in Figure 4.38.

Side-tapered inlets have an enlarged face area accomplished by tapering sidewalls .
as shown on Figure 4.39. It provides an increase in flow capacity of 25 to 40 percent
over square-edged inlets. There are two types of control sections for side-tapered
inlets: face and throat control. The advantages of side-tapered inlet under throat
control are: reduced flow contraction at the throat and increased head at the throat
control section.

Slope-tapered inlets provide additional head at the throat section as shown on
Figure 4.40. This type of inlet can have over 100 percent greater capacity than a
conventional culvert with square edges. The degree of increased capacity depends
upon the drop between the face and the throat section. Both the face and the throat
are possible control sections. The inlet face should be designed with a greater
capacity than the throat to insure flow control at the throat. More of the potential
capacity of the culvert can then be insured.

The inlet control nomographs contained in. Section 4.3.4 do not apply to the
condition when drop inlets are used with or without grates. The turbulence caUsed
by the flow dripping into the inlet box causes additional losses that are not ac
counted for in th-e inlet nomographs. When drop inlets are used, the headwater
depth should be determined using Figure 4.7 (page 4-20) for catch basins with inlet
flow only. The use of drop inlets is discouraged in culvert applications because of
the danger of plugging from sediment and plugging of grated inlets from debris.

Prefabricated steel inlet end sections (Figure 4.41) are available for corrugated. steel
pipe that perform about as well as a square-edged headwall inlet with an entrance
loss coefficient of 0.5.

BecaUse of thepotential for inletuplift failure and inletdamagefrom othersources,
concrete headwalls are required on all culvert installations unless itcan be shown
that these dangers do not exist.

In those cases, metal end sections such as those shown in Figure 4.41 may be used..
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.Bevel d

Figure 4.40
Inlet Bevel Detail

•

WingNalls

~/Face Section

Elevation

Plan

Figure 4.38
Side Tapered Inlet

B

:/Face Section

Bevel
(Optional)

I
Fall

Elevation

..
•

WingwaJls

Taper

Plan

FIgure 4.39
Slope Tapered Inlet

B

I. ..,..

•

•
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• • •Figure 4.42
Culvert Design Fonn .

Flow ....
Per

-H I '"Culvert Description: ITotal IBarrel HW~D Elbi TW Elba
,g~:;; G)'O

Flow QlN cm> :;::10

Material· Shape· Size· Entrance Q, cfs (1) (2) (4) (5) (8) 8::E:~ c3~1 Comments

Project: _

Hydrological Data

o

!

Culvert Barrel selected:
Size: _

Shape:, _

MateIlal: n:, _

Entrance: _

CULVERT DESIGN FORM
Designer/Date: / _
Reviewer/Date: /

(7) H = [1+ ke + (29n2L)/R1.33] V2/2g

(8) El.ho = ELo + H + ho

• fIRoadway Elevation: __~

,: ~:;;-_!_-~~-:it~~'s}~~
~t-- ....w......."" :-- ft

'\ L Fa! L.. 8,: ,ft~ . 5 .,. 50. FaJlA.a-' 5=

La =_

Elhc

Station: _

Sheet of _

(4) Elhi = HWj + Eli (invert ofinlet control section)
(5) TW based on downstream control or flow depth in

channel.
(6) ho =TW or (de +0)/2 (whichever is greater).

TW.ft

Comments / Discussion:

o Stream Slope: __

Flow.cfs

i. inlet control
section

o. Outlet
sf. Streambed at

culvert face
TW. Tailwater

R.I., years

Method: _

Drainage Area: _
Channel Shape: _

Routing: 0 Other: ---,. _

Design FlowslTallwater

Technical Footnotes:
(1) Use QlNB for box culverts.
(2) HWi/D =HW ID or HWf/D from design charts
(3) FALL == HWj - (ELhd - ELsO; Fall is zero

for culverts on grade.

a. approximate
f. ciJlvert fact
hd. Design Headwater
hj. Headwater in inlet

control
he. Headwater in outlet

control
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6. Determine the losses through the culvert barrel, H, using the outlet control
nomograph (Figure 4.45) or appropriate eq1.lations if outside the range of the
nomograph.

a) If the Manning n value given in the outlet control nomograph is different
than the Manning n for the culvert, adjust the culvert length using the
formula:

•
(4.8)

Then use Ll rather than the actual culvert length when using the outlet
control nomograph.

b) Using a straightedge, connect the culvert size (point 1) with the culvert
length on the appropriate ke scale (point 2). This defines a point on the
turning line (point 3).

c) Again using the straightedge, extend a line from the discharge (point 4)
through the point on the turning line (point 3) to the Head Loss (H) scale.
Read H, the energy loss through the culvert, including entrance, friction,
and outlet losses.

7. Calculate the required outlet control headwater elevation.

ELho = ELo + H + ho (4.9)

where ELo is the invert elevation at the outlet.

8. If the outlet control headwater elevation exceeds the design headwater eleva
tion, a new culvert configuration must be selected and the process repeated.
Generally, an enlarged barrel will be necessary since inlet improvements are
of limited benefit in outlet control.

Evaluation ofResults: Compare the headwater elevations calculated for' inlet and
outlet control. The higher of the two is designated the controlling headwater
elevation. The culvert can be expected to operate with that higher headwater for at
least part of the time.

The outlet velocity is calculated as follows:

1. If the controlling headwater is based on inlet control, determine the normal
depth and velocity in the culvert barrel. The velocity at normal depth is
assumed to be the outlet velocity (Figure 4.46). Normal depth for circular and
rectangular culverts can be found using Figure 4.52 (page 4-101).

2. If the controlling headwater is in outlet control, determine the area of flow at
the outlet based on the barrel geometry (see Figure 4.47) and the following:

a) Critical depth, if the tailwater is below critical depth.
b) The tailwater depth if the tailwater is between critical depth and the top

of the barrel.
c) The height of the barrel if the tailwater is above the top of the barrel.

Repeat the design process until an acceptable culvert configuration is determined.
Once the barrel is selected it must be fitted into the roadway cross section. The

•

•
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culvert barrel must have adequate cover, the length should be close to the ap-
. proximate length, and the headwalls and wingwaIls must be dimensioned.

Ifoutlet control governs and the headwater depth (referenced to the inlet invert) is
less than 1.20, it is possible that the barrel flows partly full through its entire length.
In this case, caution should be used in applying the approximate method of setting
the downstream elevation based on the greater of tailwater or (de + 0)/2. If an
accurate headwater is necessary, backwater calculations should be used to check
the result from the approximate method. If the headwater depth falls below 0.750,
the approximate method should not be used.

If the selected culvert will not fit the site, return to the culvert design process and
select another culvert. If neither tapered inlets nor flow routing are to be applied,
document the design. Culvert design shall include a performance curve which
displays culvert behavior over a range ofdischarges. Development of performance .
curves is presented in Section 4.33.4 and example problem number 4 in Section
4.3.5.4 (page 4-127) contains a performance curve calculation.

4.3.3.2 Uncommon Culvert Requirements
Storage Routing: A significant storage capacity behind a highway embankment
attenuates a flood hydrograph. Because of the reduction of the peak discharge
associated with this attenuation, the required capacity of the culvert, and its size,
may be reduced considerably insomecases. The reduced size may well justify some
increase in the hydrologic design effort.

All reservoir routing procedures require three basic data inputs: 1) an inflow
hydrograph; 2) an elevation versus storage relationship; and 3) an elevation versus
discharge relationship. A complete inflow hydrograph, not just the peakdischarge,
must be generated. Elevation, often denoted as stage, is the parameterwhich relates
storage to discharge providing the key to the storage routing solution.

Elevation versusstoragedata canbeobtainedfrom a topographic map of theculvert
site. The area enveloped by each contour line is planimetered and recorded. The
average area between each set of contour lines is obtained and multiplied by the
contour interval to find the incremental volume. These incremental volumes are
added together to find the accumulated volume at each elevation. These data can
then be plotted, as stage versus storage.

Elevation versus discharge data can be computed from culvert data and the road- _
way geometry as described elsewhere in this section. Discharge values. for the
selected culvert and overtopping flows are tabulated with reference to elevation.
The combined discharge is utilized in the formulation ofa performance curve.

Despite the consideration ofstorage routing, the selection ofan appropriate culvert
size for a given set of hydrologic and site conditions is the design objective.
However, in order to perform the storage routing calculations, a culvert must first
be selected. Storage routing calculations will then b~ required to verify the selected
size. Hydraulic Design of Highway Culverts (FHWA, HDS No.5, 1985), contains a
procedure to aid in selecting an initial culvert size based on an estimated peak
discharge achieved from storage routing.
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The storage-indication method of flood routing is used to establish the outflow
hydrograph and attenuated peak discharge resulting from the embankment
storage. Section 8.7 describes the application of the storage-indication method and
contains a flood routing example.

Culverts With Drop Inlets: When culverts have drop inlets, normal culvert design
nomographs are not applicable. The water falling into the catch basin causes
significant turbulence and energy losses. For this condition, Figure 4.7 (page 4-20)
for storm drain inlets should be used.

•
Detention Basin Outlets: Culverts are frequently used for detention basin outlet
structures. The culvert design methods presented in this section can be used to
develop the stage- discharge relationship for these structures. If the detention basin
discharges into a storm drain system, procedures from Section 4.2 should be used
to establish the hydraulic grade line for that storm drain to check for outlet control.

4.3.3.3 Head Loss For Trash Racks: For trash racks with approach velocities less
than 3 fps, it is not necessary to include a loss for the trash rack; however, for
velocities greater than 3 fps, such computations are required.

Trash rack losses are a .function of velocity through the rack, bar thickness, bar
spacing, and orientation of the flow entering the rack, the latter condition being an
important factor. Trash racks with bars oriented horizontallyare not permitted,and
horizontal bars used to support vertically oriented bars should be as small as
practical and kept to the minimum required to meet structural requirements. The
losses through the rackwith 50 percent pluggingcanbecomputed with the formula: •

( J
4/3

2w+x 2.
Hg = x Kg [Vu/2g1sm 6g

(4.10>

The expected loss from a trash rack is greatly affected by the approach angle. The
losscomputed by Equation 4.10 shouldbe multiplied by the appropriate value from
Table 4.5, when the approach channel and culvert are at an angle to each other.

•

Table 4.5
Loss Factors for Approach Angle

Skewed to Entrance

Approach Angle,
degrees Loss Factor .

0 1.0
20 1.7
40 3.0
60 6.0

Inlet Control: The inlet control performance
curves are developed using the inlet control
nomographs of Section 4.3.4. The headwaters
corresponding to the series of flow rates are

4.3.3.4 Performance Curves: Performancecurvesare representations offlow rate
versus headwater depth or elevation for a culvert. Because a culvert has several
possible control sections (inlet, outlet, throat),
a given installation will have a performance
curve for each control section and one for
roadway overtopping. The overall culvert
performance curve is made up of the control
ling porijons of the individual performance
curves for each control section.
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determined and then plotted. The transition zone is inherent in the nomographs.

'Outlet Control: The outlet control performance curves are developed using the
outlet control nomographs of Section 4.3.4. Flows bracketing the design flow ar~

selected. For these flows, the total losses through the barrel are calculated or read
from the outlet control nomographs.· The losses are added to the elevation of the
hydraulic grade line at the culvert outlet to obtain the headwater.

If backwater calculations are performed beginning at the downstream end of the
culvert, friction losses are accounted for in the calculations. Adding the inlet loss to
the energy grade line in the barrel at the inlet results in the headwater elevation for
each flow rate. An example of development of a performance curve is contained in
Section 4.3.5.

Roadway Overtopping: A performancecurveshowing the culvert flow as wellas the
flow across the roadway is a useful analysis tool. Rather than using a trial and error
procedure to determine the flow division between the overtopping flow and the
culvert flow, an overall performance curve can be developed. The performance
curve depicts the sum of the flow through the culvert and the flow across the
roadway.

The overall performance curve can be determined by performing the following
steps:

1. Select a range of flow rates and determine the corresponding headwater
elevations for the culvert flow alone. These flow rates should fall above and
below the design discharge and cover the entire flow range of interest. Both
inlet and outlet control headwaters should be calculated. It is recommended
that the 2-,10-, and 50-year flow rates be used for developing the performance
curve below the headwater depth where roadway overtopping begins.

2. Combine the inlet and outlet control performance curves to define a single
performance curve for the culvert.

3. When the culvert headwater elevations exceed the roadway crest elevation,
overtoppingwillbegin.Calculate the equivalentupstreamwatersurfacedepth
above the roadway (crest of weir) for each selected flow rate. Use these water
surface depths and Equation 4.11 to calculate flow rates across the roadway.

4. Add the culvert flow and the roadway overtopping flow at the corresponding
headwater elevations to obtain the overall culvert performance curve.

Using the combined culvert performance curve, it is an easy matter to determine
the headwater elevation for any flow rate, or to visualize the performance of the
culvert installation over a range of flow rates. When roadway overtopping begins,
the rate of headwater increase will flatten severely. The headwater will rise very
slowly from that point on. Figure 4.48 depicts an overall culvert performance curve
with roadway overtopping. Example problem number 4 in Section 4.3.5 illustrates
the development of an overall culvert performance curve. The 1oo-year discharge
shouldbe identified on the performance curveand the correspondingdepth offlow
over the roadway.
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Closed Conduits

4.3.3.5 Roadway Overtopping: Roadway overtopping will begin as the head
water rises to the elevation of the lowest point of the roadway. This type of flow is
similar to flow over a broad crested weir. The length of the weir can be taken as the
horizontal length across the roadway. The flow across the roadway is calculated
from the broad crested weir equation:

Q = Kt Cr Ls (HWr) 1.5 (4.11)

The charts in Figure 4.49 indicate how to evaluate the correction factors Kt and Cr.

If the elevation of the roadway crest varies, for instance where the crest is defined
by a roadway sag vertical curve, the vertical curve can be approximated. as a series
of horizontal segments. The flow over each is calculated separately and the total
flow across the roadway is the sum of the incremental flows for each segment
(Figure 4.50).

The total flow across the roadway then equals the sum of the roadway overflow
plus the culvert flow. A pe~formance curve must be plotted including both culvert
flow and road overflow. The headwater depth for a specific discharge, such as the
100 year discharge can then be read from the curve. Design example 4 in Section
4.3.5 illustrates this procedure. •
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SEGMENT 2
--+0--- X 2 ----I--

ELEV.2,

A) Method 1: SUbdivision Into segments
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(ELEVATION OF CREST

B) Method 2: Use of aSingle segment

Figure 4.50
Weir Crest Length Determinations for Roadway Overtopping

4.3.3.6 Junctions: Flow from two ormore separateculverts or storm sewers maybe
combined at a junction into a single culvertbarrel. For example, a tributary and a main
stream intersecting at a roadway crossing can be accommodated by a culvert junction
(Figure 4.51). A drainage pipe collecting runoff from the overlying roadway surface
and discharging into a culvert barrel is an example of a storm sewer/culvert
junction.

Loss of head rnay be important in the hydraulic design of a culvert containing a
junction. Attention should be given to streamlining the junction to minimize tur
bulence and head loss. Also, timing of peak flows from the two branches should be
considered in analyzing flow conditions and control. When possible, the tributary
flow should be released downstream of theculvertbarrel. When this is not practical,
the following procedure should be used to estimate the losses.

For a culvert barrel operating in outlet control and flowing full, the junction loss is
calculatedusing the equations givenbelow. Theloss isthenaddedto the otheroutlet
control losses.

•

•

Hj =y' +HvI-Hv2

The formula for y , is based on momentum considerations and is as follows:

, _ (Q2V2- QlVI-Q3V3cos <\>0
y - (0.5 (AI +A2) g)

(4.U)

(4.13) •
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4.3.4 Design Aids
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Flgure4.51
Culvert Junction

PIPE 1

•

4.3.4.1 Culvert Design Form: The CulvertDesignForm(Figure4.42, page4-87) has
been formulated to guide the user through the design process. suinmary blocks are
providedat the top of theform for the projectdescription,and thedesigner's identifica
tion. Summaries ofhydrologic data of the form are also included. At the top right is a
srnallsketchoftheculvertwithblanksforirisertingimportantdimensionsandelevations.

The central portion of the design form contains lines for inserting the trial culvert
description and calculating the inlet control and outlet control headwater eleva
tions. Space is provided at the lower center for comments and at the lower right for
-a description of the culvert barrel selected. The design chart should be completely
filled out, including consideration of inlet and outlet control.

Table 4.6 and Figures 4.52 through 4.71 should facilitate completion of the Culvert
Design Form.

September 1, 1992



Closed Conduits

Table 4.6
Entrance Loss Coefficients

Outlet Control, Full or Partly Full Entrance Head Loss •
Type of Structure and Design of Entrance Coefficient ke

Pice, Concrete
Proiectino 'from fill, socket end (orove-end) 0.2
Proiectino from fill, sauare cut end 0.5
Headwall or headwall and wingwalls

Socket end of pipe (groove-end) 0.2 .

SQuare-edge 0.5
Rounded (radius= 1/12D) 0.2

Mitered to conform to fill slope 0.7
End-Section conforming to fill slope 0.5
Beveled edges, 33.7' or 45' bevels 0.2
Side-or slope-tapered inlet 0.2

Pice, or PIDe-Arch, Corruaated Metal
Proiectino from fill (no headwall) 0.9
Headwall or headwall and wingwalls sQuare-edge 0.5
Mitered to conform to fill slope, paved or unpaved slope 0.7
End-Section conforming to fill slope 0.5
Beveled edaes. 33.7' or 45' bevels 0.2
Side- or slope-tapered inlet 0.2

Box, Reinforced Concrete
Headwall parallel to embankment (no wingwalls)

Sauare-edged on 3edges 0.5
Rounded on 3edges to radius of 1/12 barrel dimension, or beveled edges on 3 sides 0.2

Wingwalls at 30' to 75' to barrel
SQuare-edged at crown 0.4
Crown edae rounded to radius to 1/12 barrel dimension, or beveled top edge 0.2

Wingwall at 10' to 25'10 barrel
Sauare-edged at crown 0.5

Winawalls parallel (extension of sides)
Sauare-edged at crown 0.7

Side- or slope·tapered inlet 0.2

•

•
September 1, 1992





4-102 September 1;1992



Culverts

Agure4.54
Headwater Depth for C.M. Pipe Culverts with Inlet COntrol

(FHWA, H08-S,1985)
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Rgure4.57
Head fOr Concrete Pipe Culverts Flowing Full

(FHWA, HOS-5, 1985)
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Headwater Depth for Box Culverts with Inlet Control

(FHWA, HOS-5, 1985)
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Figure 4.69
Headwater Depth for C.M. Pipe-Arch Culvert with Inlet Control

(FHWA, HD5-5, 1985) •
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Figure 4.71
Head for Standard C.M. Pipe-Arch Culverts Flowing Full

n:O.024
(FHWA, H08-S, 1985) •
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4.3.5 Design Examples
The following example problems illustrate the use of the design methods and charts
for selected culvert configurations and hydraulic conditions. The problems cover
the following situations:

»- Problem No.1: Circular pipe culvert, standard 2-2/3 by 1/2 inch (6.8 by 1.3
cm) CMP with beveled edge or reinforced concrete pipe with groove end. No
FALL.

» Problem No.2: Reinforced cast-in-place concrete box culvert with square
edges and with bevels. No FALL.

» Problem No.3: Elliptical pipe culvert with groove end and a FALL.

» Problem No.4: Roadway overtopping calculations and performance curve
development.

4.3.5.1 Example Problem No.1: A culvert at a new roadway crossing must be
designed to pass the 25-year flood. Hydrologic analysis indicates a peak flow rate
of 200 cfs. Use the following site information:

» Elevation of stream bed at Culvert Face: 100 ft

» Natural Stream Bed Slope: 1 percent = 0.01 ft/ ft

» Tailwater for 25-Year Flood: 3.5 ft

» Approximate Culvert Length: 200 ft

» Shoulder Elevation: 110 ft

Design a circular pipe culvert for this site. Consider the use of a corrugated metal
pipe with standard 2-2/3 by 1/2inch corrugations and beveled edges and concrete
pipe with a groove end. Base the design headwater on the shoulder elevation with
a 2-foot freeboard (elevation 108.0 ft). Set the inlet invert at the natural streambed
elevation (no FALL).

Figure 4.72 represents a completed Culvert Design Form for this example.

Note: Figures 4.53, 4.55, 4.56, 4.57, and 4.58, and Table 4.6 were used in this example.
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Figure 4.72
Example Problem No.1
Culvert Design Form

Project: Examp/e Problem NO.1

Chapter III, HDS NO.5
o
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rl
iic
ii

CULVERT DESIGN FORM
Designer/Date: / _
Reviewer/Date: I

.. 1/1),0 ,ftRoadway Elevation. I
J Q 0 ft--

XT1
E~' IOll'n'. Hd,,-----OO-O--'it--- 8,: ().O/

E1s1:/. , , TW

HW; ,tV
';:.----<~-,... 1.. 8,: '1'&.0 •ft

ft~ . S '" So' FailA.a
EI·· 100.0 , .. AI

I' S = ..__ .
La = .2.QQ.

Station: I +()()
Sheet J of I----::~--

1.0%

3.5
TW,ft

200
Flow,cfs

25
RJ.. years

Hydrological Data

Method: Rational '

Drainage Area: 125AC 0 Stream Slope:
Channel Shape: _1i:..:;ra::c:pe~z:.:.o~:.::.·d _

Routing: NlA 0 Other: __-,,-__

Design FlowsfTallwater

sO
!!O
'b
::lO
!O

Flow Headwater Calculations
Per Inlet Control QUOet Control _hI a-Culvert Description: Total Barrel de+D

o ~= _._
Flow Q/N HWjlD HWj Fall E41i TW de ho ke. H E1.ho ~"O!: 38

Material- Shape - Size - Entrance Q,cfs (1) (2) (3) (4) (5) 2 (6) (7) (8) 8:!iii 8~1 Comments

CMP-Girc.-72 in.-Beve/45' in Headwall 200 200 0.96 5.8 - 105.8 3.5 3.8 4.9 4.9 02 2.6 105.3 105.5 8.6 Try 60· CMP

CMP-Girc.-60 in.-Bevel45' in Headwal/ 1.43 7.15 - 1072 4.1 4.6 4.6 6.3 108.9 108.9 12.0 Try 60· Cone.

Cone.-Girc.-60 in.-Groove End 1.36 6.8 - 106.8, I . 4.6 4.6 2.9 105.5 106.8 16.0 Try 54· Cone.

Cone.-Girc.-54 in.-Groove End 1.77 7.97 - 108.0 ! 4.3 4.3 4.7 107.0 108.0 13.5 OK

Technical Footnotes:

(1) Use OINB for box culverts.
(2) HWj/D =HW ID or HWf/Ofrom design charts
(3) FALL =HWi - (Elhd - ELsf); Fall is zero

for culverts on grade.

IIi ,.~

il
Subscript Definitions:

a. approximate
f. ciJlvert fad
hd. Design Headwater
hj. Headwater in inlet

control
he. Headwater in outlet

control

•
i. inlet control

seclion
o. Outlet
sf. Streambed at

culvert face
TW.Tailwater

(4) ELhi = HWj + ELi (invert of inlet control section)
(5) TW based on downstream control or flow depth in

channel.
(6) ho =TW or (de +0)/2 (whichever is greater).

Comments I Discussion:

High outlet ve/ocity-outletprotection maybe necessary.

•

(7) H =[1+ ke + (29n2L)1R1.33] V2/29

(8) ELho = ELo + H + ho

Culvert Barrel selected:

Size: 54 /neh

Shape: Circular

Material: Cone. n:. 0.012

Entrance: Groove End

•
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4.3.5.2 Example Prob~,:njN"o.2:An~wculvertata roadway crossing is required
to pass a 50-year flow rate of 300 cfs. Use the following site conditions:

» ELhd: 110 ft based on adjacent structures

» Shoulder Elevation: 113.5 ft

» Elevation of Stream Bed at Culvert Face (ELsf): 100 ft

» Natural Stream Slope: 2 percent

» Tailwater Depth: 4.0 ft

» Approximate Culvert Length: 250 ft

Design a reinforced concrete box culvert for this installation. Try both square edges
and 45 degree beveled edges in a headwall. Do not depress the inlet (no FALL).

Figure 4.73 represents a completed Culvert Design form for Problem No.2.

Note: Figures 4.59, 4.61, 4.62, and 4.63 and Table 4.6 are used in this solution.
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Figure 4.73
Example Problem No.2
Culvert Design Form
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7.9 - 107.9 4.0 4.2 4.6 4.6

9.6 - 109.~ 4.0 4.3 4.9 4.9

8.55 - 108.6 4.0 ~ 4.9 4.9

(4) ELhi = HWj + ELi (invert of inlet control section)
(5) TW based on downstream control or flow depth in

channel.
(6) ho = TW or (dc +0)/2 (whichever is greater).

4.0
TW,tt

300 I 60 I 1.71

300 I 60 I 1.91

1
:;1"'''''-"-16

300 501 1.57·

Flow j---------r===-t-===:....----------l
Per

~fo~ IBarNel
HWjlD E41i TW ke.

a, ets (1) (2) (4) (5)

300
Flow,cfs

50

Hydrological Data
•

R.I.. years

Culvert Description:

Material· Shape· Size· Entrance

Technical Footnotes:

(1) Use Q/NB for box culverts.
(2) HWa/D =HW /0 or HWf/Ofrom design charts
(3) FALL =HWj - (Elhd - ELsO; Fall is zero

for culverts on grade.

Project: Example Problem NO.2

Chapter JII, HDS NO.5

~ 0 Method: ...;.,s_cs _

~ 0 Drainage Area: 200 AC 0 Stream Slope: 2.0%
~ o Channel Shape: _T,_ra:;;<;pe...;..'Z-'-o...;..id _

!O Routing: NlA OOther: _

Design FlowslTallwater

Concrete-Box-6 'x5'-5quare Edge

Concrete-Box-5' x5'-5quare Edge

Comments / Discussion: Culvert Barrel selected:

a. approximate i. inlet control . 5'x5' box wUI work with or without bevels. Size: 5' x5'
f. cUlvert tact section
hd. Design Headwater o. Outlet ~ Bevels provide additional flow capacity. Shape: Square
hj. Headwater in inlet sf. Streambed at Material" Cone n' 0012

control culvert face . , " . "-'-
he. Headwater in outlet lW. Tailwater Entrance: 45' BeveJ-90' Headwall

control

• •

SUbscript Definitions:

. Concrete-Sox-5' x5'-45' Bevel

0l:Io :$::

i ::11
:;:::

l

I
IIII

:!I
~~
j~~

III

II
~.~~

!R i~
i\S:::::
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Culverts

:J
4.3.5.3 Example Problem No.3: Design a culvert to pass a 25-yearflow of180 cfs.
Minimum depth of cover for this culvert is 2 feet..

» ELhd: 105 ft based on adjacent structures

» Shoulder Elevation: 105.5 ft

» Elevation of Streant Bed at Culvert Face (ELsf): 100 ft.

» Original Stream Slope: 5 percent

» Tailwater Depth: 4ft

» Approximate Culvert Length: 150 ft

Due to the low available cover over the conduit, use a horizontal elliptical concrete
pipe. Use of a small depression (FALL) of about 1 ft at the inlet is acceptable.

Refer to Figure 4.74 for a completed Culvert Design Fonn for this problem.

Note: Figures 4.64, 4.66, and 4.68 and Table 4.6 are used in this solution.

Use of FALL in streams carrying a heavy sediment load is not recommended.
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Figure 4.74 .
Example Problem No.3
Culvert Design Form

C)

I
C)

8-
c
if

•••

Project: Example Problem NO.3 Station: 2+00 CULVERT DESIGN FORM
Chapter III, HDS NO.5 Sheet I of I Designer/Date: /

Reviewer/Date: /

Hydrological Data
Roadway Elevation: lOS. 5' ,ft

J!! 0 Method: Rational
El".: Jb5~ I.c:

:. 0 Drainage Area: 110 AC o Stream Slope: 5.0%
"0 ...-.. -_..--- ..-.---..-.-..-.-.-.----...-.-.--.-... ··3
~ [J Channel Shape: Semi-Circular HWj IJ::...EI&l: /()().o ,ft So: ao5' H
Q)

:g 0 Routing: 4.0 cfs red. from 0 Other: Depth of Cover ·······..········6·······..···......... ~<;Kjlljnal Stream Bed ::: TW
peiJk 2' min.

Design FlowslTallwater ~ L Fail
Eli: qq,o .ft L 9

R.J., years Flow,cfs lW,ft S "" .So - FallA..a 80: 2..6. ft
25 180' 4.0 S =0.0'/33

La = 150 (.;+)
'Approx. Routed flow rate.

Flow Headwater Calculations
"-

Per Inlet Control OUUet Control JIlr:
.?;--alO. Culvert Description: Total Barrel 03::=

Flow QlN HWjlO HWj Fall Elhi lW de de+O ho ke. H Elho J:2"O as a;·u
aali; :;:10

Material· Shape· Size· Entrance Q,cfs (1) (2) (3) (4) (5) 2 (6) (7) (8)
Gl_

5~ Comments::cw

Conc.-Horiz E/Jipse-68"x43"-$quare Edge 180 - 1.98 7.1 - 107.1 4.0 32 3.4 4.0 0.5 3.7 1002 107.1 - ffarJ;iJi" DIIU WI

Conc.-Horiz ElJipse-68"x43"-Groove End 180 - 1.63 5.8 - 105.8 4.0 3.2 3.4 4.0 0.2 3.2 99.7 105.8 - ;~~troo mgn; use

Conc.-Horiz ElJipse-68" x43"-Groove End 180 - 1.63 5.8 1.0 104.8 4.0 3.2 3.4 4.0 0.2 3.2 99.7 104.8 14.9 OK-dllPJh of

Technical Footnotes: (4) ELhi = HWi + Eli (invert of inlet control section) (7) H = [1+ ke + (29n2L)/R1.33] V2/2g
(1) Use QlNB forbox culverts. (5) TW based on downstream control or flow depth in
(2) HWi/D = HW ID or HWf/O from design charts channel.

(8) ELho = ELo + H + ho
(3) FALL = HWj - (ELhd - ELsO; Fall is zero (6) ho = TW or (dc +0)/2 (whichever is greater).

for culverts on grade.

Subscript Definitions: Comments I Discussion: Culvert Barrel selected:

a. ~OXimate i. inlet control High outlet velocity - checkstream bedstability. Size: 68" x43"
f. cu ertlad section

Shape: Horizontal EHipsehd. Des~eadwater o. Outlet
hj. Hea er in inlet . sf. Streambed at Material: Cone. n: 0.012control culvert face
he. Headwaterin outlet TW. Tailwater Entrance: Groove end-1' FALLcontrol--

!iiii!

~I

I

I
:::::
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Culverts

4.3.5.4 Example Proble.l11 No. 4 Dev~lopaperformancecurvefortheinsta1lation

.in Figure 4.75, below, including roadway overtopping up to 0.5 feet above the
roadway. Use the following dimensions:

Tallwater Channel:

Flow,cfS TW, ft

50 101.8
100 102.6
150 103.1
200 103.5
250 103.8
300 104.2
350 104.4

Figure 4.76 represents a completed Culvert Design Form for this problem. Figure
4.77 provides the performance curve and roadway overtopping computations.

~ 20ft WIDE PAVED CROSSING• EL. 107'

EL. 100'

L -

~ 2-48" CMP CULVERTS
WITH METAL END-SECTIONS
30ft LONG, n=.024
SLOPE = 0.0007 ft/ft

•

Figure 4.75
Example Problem No. 4

Roadway Overtopping and Performance Curve Development



Figure 4.76
Example Problem No.4
Culvert Design Form

Flow ..
Per -~gl ".Total Barrel

HWjlD ELhi TW Elho
o~:;:: _._

Flow QlN ~-g~ ~~

a,cfs (1) (2) (4) (5) (8) 8~~ c5~1 Comments

:E 0 Method: ---' _

~ 0 Drainage Area: 0 Stream Slope: 0.008

~. o Channel Shape: ---:.T,:..=rapc:.:8:=,'Zo;:.:;id=-- _
CD
en 0 Routing: 0 Other:

Design FlowsfTaliwater

Comments / Discussion:

Used scale (1) ofFigure 4.54 for inlet control comps.

Used Figure 4.58 for outlet control head.

•

(")

I
~c
fi

•

Culvert Barrel selected:
Size: _

Shape:, _

Material: n:'--__
Entrance: _

1.35 1 104.6

2.40 1 105.9

3.75 1107.5

0.60 I 103.6

Designer/Date: / _
Reviewer/Date: /

CULVERT DESIGN FORM

0.5 1 0.22 I 103.0

(7) H:::: [1+ ke + (29n2L)/R1.33] v2/2g

(8) ELho:::: ELo + H + ho

Elhd:

Roadway Elevation: /07.DO .fl

n ------.-.:.~-~::E-~:-:------:-ft 8,,: ~ -=-.1TW

HWj ,-/if~-'"~ .._... l~:~ft
o ft~ 8 _ 8

0
_ Fallil

a8;: /0(). , s : 0.09«'
La=~

Station: _

Sheet of _

1.63 1 6.52 1 - 1106.521 3.3 I 3.4 I 3.70 1 3:80

1.03 14.12 I - 1104.121 3.1 I 2.6 1 3.30 I 3.30

1.30 1 520 I - 1105201 3.5 I 3.0 I 3.50 1 3.50

0.78 I 3.12 I - 1103.121 2.6 I 2.1 1 3.05 1 3.05

0.52 I 2.08 1 - 1102.081 1.8 1 1.5 I 2.75 1 2.75

(4) ELhi = HWi + ELi (invert of inlet control section)
(5) TW based on doWnstream control or ftow depth in

channel.
(6) ho = TW or (dc +DV2 (whichever is greater).

75

50

25

TW, ft

100

125

50

100

150

250

200

Flow,cfs

i. inlet control
. section

o. Outlet
sf. Streambed at

culvert face
TW. Tailwater

R.I., years

Culvert Description:

Material· Shape· Size· Entrance

Hydrological Data

Technical Footnotes:

(1) Use QlNB for box culverts.
(2) HWj/O = HW 10 or HWf/D from design charts
(3) FAU =HWi - (ELhd - ELst); FaIl is zero

for culverts on grade.

Project: Example
Roadway Overtopping Performance CUNe

CMP-Gircular-48"-End Section

•
a. approximate
f. culvert fact
hd. Design Headwater
hj. Headwater in inlet

control
he. 'Headwater in outlet

control

Subscript Definitions:

i-.





Inverted Siphons

II Inverted Siphons

1:1~II'i General
Because -of the resulting physical conditions, inverted siphons are rarely used in
urban drainage; however, due to the flat topography and a large number of canals
in Maricopa County, the designer may have to consider using an inverted siphon.

Inverted siphonsare used to convey waterbygravityunder canals, roads, railroads,
other structures, and depressions. An inverted siphon is a closed conduit designed
to run full and under pressure. When flowing at design capacity, the structure
should operate without excess head.

For canal structures, inverted siphons are economical, easily. designed and built,
and have proven to be a reliable means of water conveyance. However, because of
sediment and debris present in stormwater, maintenance can be a significant
negative factor. In addition, canals runmore or less continually and can be drained
between periods of use, but inverted siphons for stormwater do not operate on a
regular cycle. If water is left to stand, significant health hazards could result.
Inverted siphons shall be considered only when permitted by the jurisdictional
agency.

4.4.2 Design Criteria
All pipe should be designed for water-tight joints. Velocity in the conduit should
be a minimum of 5.0 fps to prevent sedimentation. The minimum cover over the
conduit should exceed 3.0 feet. Inlet and outlet structures are required, and the
facility shall meet the requirements for safety described in Section 4.3.2.7. Pipe
collars and blow-off structures may be required as determined by the jurisdictional
agency. Air vents, after the entrance, should be used unless the agency agrees with
eliminating the vents.

At a minimum, the designer should compute losses for the entrance and outlet
(including trash racks), pipe friction, and losses at bends and transitions.

4.4.3 Design Procedure
A design procedure and design examples are contained in Design of Small Canal
Structures (USBR 1974). Taking into consideration conditions that are more specific
to urban drainage described before, this publication can be used for most applica
tions in Maricopa County.

•

•

•
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Closed Conduits

II Entran(es and Outlets for Conduits

Il,lll::):j:l:!):/:!!:!j/JI This section provides guidelines for design of culvert type inlets and outlets to
'::::::':':::::':':':'::':""" closed conduit systems. Runoff entering and exiting closed conduits may require

transitions into and out of the conduit to minimize entrance losses and protect
adjacent property and drainage facilities from possible erosion. Pavement drainage
inlets that allow runoff to drop into catch basins are discussed in Section 3.3 and are
not addressed here.

•

4.5.1 Interaction with Other Systems
Closedconduit inlets and outlets provide transitions from a ponded orchannelized
conditionupstream into theclosedconduit and thenbackto a channelizedcondition
downstream. Additional channel bank protection may be required in the vicinity
of the inlet or outlet to complete the transition to the design velocityand flow depth
of the receiving channel. A drop structure may be located upstream or downstream
from the closed conduit and should be incorporated into the design. The design of
inlets and outlets should take into account all conditions in the upstream and
downstream direction to the location where the inlet, outlet, and closed conduit
have no effect on predesign flow conditions. .

When an open channel, detention or retention basin drains into a storm drain
system,culvert type inletsare frequently used. Thestormdrain hydraulic gradeline
must be considered when estimating the inlet capacity for culvert type inlets. The
storm drain hydraulic grade line at the inlet, with the appropriate entrance loss
added, should be substituted for the outlet control headwater elevation normally
u.sed for outlet control computations. To deteimine the controlling headwater, the
computed outlet control headwater elevation should be compared with the inlet
control h~adwaterelevation obtained from the standard inlet control nomograph.

•

4.5.2 Special Criteria for Oosed Conduits

4.5.2.1 Bank Protection: Roadway embankments with culverts passing through
them should be protected from potential damage caused by roadway overtopping
during a runoff event in excess of the culvert design capacity. When a planned flow
over the road has damage potential, such as when the lOO-year discharge causes
flow over the roadway, the embankment for both upstream and downstream sides
should be protected by paving, grouted riprap, or other means of permanent
stabilization.

4.5.2.2 Entrance Structures and Transitions: Criteria for culvert entrances are
contained inSection4.3.2.Thesamecriteriaapply toculvert type entrances for storm
drains. Design considerations include aligning the culvert with the natural channel
profile, protection against inlet failure due to buoyant forces, and safety considera
tions for the public.

Culvert performance can be improved by providing a smooth and gradual transi
tion at the entrance. Improved inlet designs have been developed for culverts
operating in inlet control and are presented in Section 4.3.
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3. When outlet velocities exceed 2.5 times the allowable channel velocity, an
energydissipatorshouldbe provided. Severalenergydissipators aredescribed
in Chapter 6.

Cutoff Walls: A cutoffwall placed at the culvert outlet in a natural stream provides
adequate protection downstream when the scour will not be excessive, or where
the development of a scour hole will not undermine nearby structures so that it is
practical to allow localized scour.

The following criteriaapplicable to cutoffwalls is based on thecomputed scour hole
geometry. The procedure for determining the scour hole geometry is presented in
Section 4.5.3.1.

1. The depth of the cutoff wall shall be equal to the maximum depth of scour.

2. The width of the cutoff wall shall be a minimum of one-third the maximum
scour width.

3. The depth of the cutoff wall should not normally exceed six feet. Where a
deeper wall is necessary to meet the above criteria, either another form of
protection should be employed or an analysis will be required to substantiate
the walls structural stability.

4.5.2.4 Safety: Inlets and outlets to closed conduits may present dangers to the
public when access is not controlled. Refer to Section 4.3.2.7 for the safety require

.ments related to conduit inlets and outlets.

4.5.3 Design Procedures

4.5.3.1 Scour Hole Geometry: The objective of this section is to presenta method
for predicting local scour at the outlet of structures based on soil and flow data and
culvert geometry. This section has been adapted from the Hydraulic Design ofEnergy
Dissipators for Culverts and Channels (FHWA, HEC-14, 1983).

The scour hole geometry varies with tailwater conditions with the maximum scour
geometry occurring at tailwater depths less than half the culvert diameter with the
maximum depth of scour (hs) occurring at a location approximately 0.4 Ls
downstream of the culvert outlet, where Ls is the length of scour.

Empirical equations defining the relationship between the culvert discharge inten
sity, time, and the length, width, depth, and volume ofscour hole are presented for
the maximum or extreme scour case. The dimensionless scour hole·geometry is
shown in Figure 4.78.

Cohesionless Material: The general expression for determining scour geometry in a
cohesionless soil for a circular pipe flowing full is:

(4.14)
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Entrances and Outlets for Conduits

Dimensionless Centerline Profile •,
Flow - ~. Original Ground Une

a

"" -;7......
0.2 ..

'\ .... / '"0.4
, ..
\.

.... /'hs ..
./0.6

..
hSM ,,~

..
/"..

0.8
r- •. _ .. _ -.. .... ../

"r-~ ~
~

1.0 - -"'-

1.2

1.0 0.8 0.6 0.4 0.2 a
l.s
LSM

0.2 0.4 0.6 0.8 1.0

•
uve , m r Original Ground Line

.. -.. :-:- I ~.... .. ..
~ /. .. " ..

'\: ~ .. ! .. /.. i .. .., , I
, V,

~
, ,

'" i
,

/,
I .

'"
,

I , V,
~'-'

!
!
:

a

0.2

0.4

hs 0.6
hSM 0.8

1.0

1.2

Dimensionless Cross Section at 0.4 LSM

C I rt Q

1.0 0.8 0.6 0.4 0.2 a 0.2 0.4 0.6 0.8 1.0

Legend:
hs =Depth of scour
hSM =Maximum depth of scour
Ws =Width of scour
WSM =Maximum width of scour

Ls =Length of scour
LsM =Maximum length of scour
___ Maximum Tailwater

- - • • • Minimum Tailwater

Figure 4.78
Dimensionless SCour Hole Geometry •

:::::::::::::::::::::::::::::~:::::::::-;::::::::::::::::::::::::::~:::::::::::::::::::::::::::::::::::::::::::::~:::::::::~::::::::::::::::::::::::::::::::::-;::::-;::::::::::::::::::::::::::::::::::::::::::::::~::::::::;:::::;~.....:-;::::-;::::::::::::::::::::::::::::::::::::::::::::::~-;::::::::::-;::::::::::~;:::::;::::::::::::-;::::::;:::>-.:::;:-;;:;:;:;:;:;:-;;:;:::::::;:::-;;:::::::::::::::::::::::::::::::::::::::::::::::~:::::'$'
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For noncircular or partly full culverts, the diameter D can be replaced by an
equivalent depth, Ye:

1IlYe = (A/2) (4.15)

A is the cross sectional area of flow. Modifying Equation 4.14 to include the
'equivalent depth results in the general expression:

where:

Dimensionless Scour Geometry = ae (Q/glhy~)P(t/to)e (4.16)

(4.1'7)

•

ae = a 0,6325 13-1 for hs, Ws, and Ls

ae = aO.632513 -
3 forVs

The values of the coefficients a, CJ.e, 13, and 9 in Equations 4.14 and 4.15 are given in
Table 4.7. .

Gradation: The cohesionless bed materials presented in Table 4.7 are categorized as
eitheruniform (U)or graded (G). Thegrainsizedistribution is determinedby perform
ing a sieve analysis (ASTM DA22-63). The standard deviation (0) is computed as:

o = (d84/ dl(,)1Il

where the values of ds4 and d16 are extracted from the grain size distribution. If 0 ~ 1.5,
the materuilis considered to be uniform; if 0' >1.5, the material is classified as graded.

Cohesive Soils: If the cohesivesoil is a sandy clay similar to the one tested at Colorado
StateUniversityby Abt, et al, Equations 4.14 or 4.16 and the appropriate coefficients in
Table 4.7 can be used to estimate the scour hole dimensions. The sandy clay tested had
58 percent sand, 27 percent clay, 15 percent silt, and 1 percent organic matter; had a
mean grain size of 0.15 rom, and had a plasticity index (PD of 15.

. Since Equations 4.14 and 4.16 do not include soil characteristics, they can only be
usedfor soilssimilar to the ones tested. Shear numberexpressions, that relatedscour
to the critical shear stress of the soil, were derived to have a wider range of
applicability for cohesive soils besides the one specific sandy day that was tested.
The shear number expressions for circular culverts are:

hiD, WiD, L/D,orV/rf= a(p V2/'Cc)P(t/t~9

and for other shaped culverts:

h/ye' W/ye' L/ye' or V/y/ = ae (p V 2lcl' (t/t~a

(4.18)

(4.19)

•
where:

ae
ae

=
=

al(0.63) for hs, Ws, and Ls
al (0.63)3 for Vs
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Nominal ,
Grain Scour Depth, hs Width, Ws Length, Ls Yolume, Ys

Size dso. Equation
Material mm (below) (l ~ a ~ (l ~ a ~ (l. ~ a ~ (l ~ a ~

Uniform Sand 0.20 V-lorV-2 2.72 0.375 0.10 2.79 11.73 0.92 0.15 6.44 16.82 0.71 0.125 11.75 203.36 2.0 0.375 80.71

Uniform Sand 2.0 V-lorV·2 1.86 0.45 0.09 1.76 8.44 0.57 0.06 6.94 18.28 0.51 0.17 16.10 101.48 1.41 0.34 79.62

Graded Sand 2.0 V-lor V-2 1.22 0.85 0.07 0.75 725 0.76 0.06 4.78 12.77 0.41 0.04 12.62 36.17 2.09 0.19 12.94

Uniform Gravel 8.0 V-lor V·2 1.78 0.45 0.04 1.68 9.13 0.62 0.08 7.08 14.36 0.95 0.12 7.61 65.91 1.86 0.19 12.15

Graded Gravel 8.0 V-lor V-2 1.49 0.50 0.03 1.33 8.76 0.89 0.10 4.97 13.09 0.62 0.07 10.15 42.31 228 0.17 32.82

Cohesive Sandy 0.15 V-lor V-2 1.86 0.57 0.10 1.53 8.63 0.35 0.07 9.14 15.30 0.43 0.09 14.78 79.73 1.42 023 '.' 61.84
Clay
60%5and PI15

Clay PI 5-16 Various V-30r V-4 0.86 0.18 0.10 1.37 . 3.55 0.17 0.07 5.63 2.82 0.33 0.09 4.48 0.62 0.93 0.23 2.48

Table 4.7
Experl~ntal Coefficients for Culvert Outlet SCour

II
~~~

[1\

I
I

~I......"

Y-l.

Y·2.

[
~: ~~:Ula~CUNe~]. Cohestnl~ mjme~~J~ the 0.15mm cohesive sandy cay:

D'D'D,or 03 =(Xl..J905J2 lto

whereto·316min.

[
~0:: ~~Nert ~a]Pes. Sam[9 m~eriaJfas(~):9:

Ye 'y; ,Ye I or Ye3 =as ..J9Ye512J to

where to .. 316 min.

Equations

Y-3.

Y-4.

[
F.:C::CuI

':]"~~[:t.anjd(Y~aJ~ w"h PI = 5-16:

D ' 0 I 0 I or 03 (X 'tc to

where to = 316 min.

[
F.:~~:~]P:~[:a7:J:aY w"h PI .. 5-16:

Ye Ye Ye Ye3 'tc Jlto

whereto = 316min.

o

I
g
:Ja.
c
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Entrances and Outlets for Conduits

For Cohesionless Materials, or O.15mm Sandy Clay:

2. Compute the discharge intensity when the culvert is flowing at the peakdischarge.

3. Determine scour coefficients from Table 4.7.

4. Compute the scour hole dimensions from

h/D,W/0, L/D, or V/03 = <x(Q/g1l2 D ~) ~ (t/316)9

h/ye' W/Ye' L/ye' or V/Ye3 = <Xe(Q/l'1. Ye SIl) ~ (t/316)9

For Other Cohesive Materials with PI From 5 to 16:

2. a. Compute the culvert outlet velocity in ft/sec.

b. Obtain a soil sample at the proposed culvert location.
c. Perform Atterberg limits tests and determine the plasticity index, PI

(ASTM 0423-36). .

d. Saturate a sample and perform an unconfined compressive ~est (ASTM
0211-66-76) to determine the saturated shear stress, Sv, lb/in .

e. Compute the critical tractive shear strength, 'tc/ from Equation 4.20.

f. Compute the modified shear number pV2
/ 'tc

3. Determine scour coefficientsfrom Table 4.7.

4. Compute the desired scour hole dimensions for circular culverts from:

hiD, WiD, L/D, or V/D3 =<X(pV2
/'tc ) ~ (t/316)9

or, for noncircular culverts:

h/ye' W/Ye' L/ye' orV/Ye
3 =<Xe (pV

2/'tc ) ~ (t/316)9

4.5.3.2 Riprap Apron: Riprap aprons placed downstream of culverts provide
protection against scour immediately around the culvert as well as providing for
the uniform spreading of the flow and decreasing the flow velocity, thus mitigating
downstream damages.

These riprap aprons may be designed as simple horizontal aprons as shown in
Figure 4.79, with tapered sides of2:1 for minimum tailwater and 5:1 for maximum
tailwater. Minimum tailwater is assumed when the tailwater depth is less than half
the culvert height. Maximum tailwater is assumed when the tailwater depth is
greater than half the culvert height. The total length of the basin for minimum
tailwater should be:

•

•

LSB = D(8+1710gF)

and for maximum tailwater:

LSB =D (8 +55 log F)

(4.21)

(4.22) •
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ELEVATION

k =
k =

LSB =
D =
dSO =

2 for minimum tailwater
5 for maximum tailwater

Length of scour basin, ft

Culvert diameter, ft.
Riprap median diameter

•
September 1, 1992

FIgure 4.79
Recommended ConflguraUon of Rlprap Blanket
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4.5.4.2 Scour Hole Computation Cohesive Material: Determine the scour
geometry-maximum depth, width, length, and volume of scour for an existing
circUlar 24-inch· CM.P. discharging an estimated 40 cfs when flowing full. The
downstream channel is composed of a sandy-clay material.

1. The duration of the peak discharge of 40 C£S is not known. Therefore, a peak
flow duration of 30 minutes will be estimated.

2. a. The average velocity at the culvert outlet is:

v=QIA =40.0/3.14 =12.74 fps

b-e.The sandy-clay material was tested and found to have a PI of 12 and a
-saturated shear strength (Sv) of 240 psi. The critical tractive shear can be
estimated by substituting into Equation 4.20.

'tc =0.001 (240 + 180) tan (30 + 1.73(2»
0.001 (420) tan (50.76) = 0.511b/ft2

f. The modified shear number Snmod =(pV
21'tc) is:

2Snmod =1.94 (12.74) /0.51 =617.4

3. The experimental coefficients (x, 13, and afrom Table 4.7 are:

• <X ~ 9

Depth 0.86 0.18 0.10

Width 3.55 0.17 0.07

Length 2.82 0.33 0.09

Volume 0.62 0.93 0.23

4. The scour hole dimensions are:

hs/D = a.(pv2;'tc) ~ (t/316)9

= 0.86(617.4)0.18 (0.09)°.10 hs =2.14x2= 4.30 ft

Ws/D = 3.55(617.4)0.17 (0.09)°·07 Ws =8.94x2= 17.9 ft

Ls/D = 2.82(617.4)0.33 (0.09)°·09 Ls =18.92 x 2 = 37.8 it

Vs/D
3 0.62(617.4)0.93 (0.09)°·23 3

= Vs =140.3 x 8 = 1122.5 ff

5. Location of maximum depth of scour (Figure 4.78)

•
0.4 Ls =0.4(37.8) = 15.1 it downstream of culvert outlet.

:-;::::::::::::::-;;:;:::::-;.::::::;:::::::::::::::::::::::::::;:::::::;:::::;:;:;:;::;;:;:.;;:::;:;:::::::;:::::::::::;:-;::::-;::::::::::::::::;:;:-;::::::::-;-;-;::::;:::::;:::::;:;:::::::::::-;:::::::::::....:::::::-;::::;:::::::::;:::::::X:::::::::::::::::::::::$-;-;::::-;::X::::'.!«:::X:::X:'$:~~:::-;::::::~~:-;::t-X::::;**:-;:::;-;*::::::':(.:::*::::::::::::::::::::::::::::::~;::'$:~«~~::x:;.*:S$.
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7. Time of Concentration, minutes: The time of concentration is either inlet time or
the summation of the previous design point time ofconcentration and the interven
ingflow time, whicheverproduces the greaterpeakdischarge.

8. Coefficient "C": Rational Method Runoff Coefficient, "C," from the Drainage
Design Manual for Maricopa County, Volume I, Hydrology (FCD 1992,Table 3.2), for the
basins listed in Column 2 shouldbedetermined and listed. The "e" value should be
weightedif the basins containareas with different"C"values.

9. Intensity "I," inches/hour: The intensity to be applied to the basins is obtained
from the time-intensity-frequency curve developed for the specific area basedupon
thedepth-duration-frequencycurves in Drainage DesignManual for Maricopa County,
Volume I, Hydrology. The intensity is determined from the time of concentration and
thedesignfrequency for this particulardesignpoint.

-10. Area"A," acre: 'The area of the basins (in acres) listed in Column 2 is tabulated
here.Subtractpondingareas whichdo notcontribute to direct runoffsuchas rooftop
andparkinglotpondirigareas.

11. Direct Runoff "Q," cfs: Direct runoff from the tributarybasins listed inColumn
2 is calculatedand tabulated herebymultiplyingColumns8,9,and10together.

12. Other Runoff, cfs: Runoff from other sources, such as controlled releases from
rooftops, parking lots, base flows from groundwater, and any other source, is listed
here. List the bypassdischarge, ifany, witha "~' in front.

13. Summation Runoff, cfs: .The total of runoff from the previous design point sum
mationplus the incremental runofflistedinColumns11 and12is listedhere.

14. Street Slope, percent: The proposed streetslopeis listed in thiscolumn.

15. Street Allowable Capacity, cfs: The allowable capacity for the street is listed in
this column. Allowable capacities should be calculated in accordance with proce
dures set forth inSection3.2.

16. Pipe Slope, percent: List theproposedpipegrade.

17. Pipe Size, inches: List the required pipe size to convey the quantity of flow
necessary in the pipe.

18. Pipe Capacity, cfs: List the capacity of the pipe flowing full with the slope ex-
pressedinColumn16. . '

19. Street Design, cfs: Tabulate thequantity offlow to becarriedin thestreet.

20. Street Velocity, fps: Listtheactua1velocity offlow for thevolumeofrunofftobe
carried in thestreet.

21. Pipe Design, cfs: List thequantityofflowdeterminedtobecarried inthepipe.

22. Pipe Velocity, fps: Tabulate the actualvelocity offlowin the pipe for design.
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II General

.1:.:·::111·::::::1:111:1/1[111 An open channel is a conveyance in which water flows with a free surface and may
:::::::::::::::::::::::::{::: be natural or artificial. Natural streams usually consist of a normal or low flow

channel and adjacent floodplains. For purposes of this guideline, the term ·open
channel will include the total conveyance facility, floodplain, and stream channel.

Open channel hydraulics is of particular importance to design because of the
interrelationship of channels to street and urbanization drainage. In the hydraulic
analysis and design of bridges and culverts, open channel hydraulic principles are
used to evaluate the effects of proposed structures on water surface profiles, flow
and velocity distributions, lateral and vertical stability of the channel, stream
regime, flood risk, and the potential reaction of channels to changes in variables
such as urbanization; structure type, shape, and location; and scour control
measures.

The hydraulic design process for open channels consists of establishing criteria,
developing and evaluating alternatives, and selecting the alternative which best
satisfies the established criteria. Elements that should be considered in the design
process include capital investment and probable future costs, such as maintenance
and flood damages to properties; traffic requirements; and impacts on the stream
and floodplain environment.

If the proposed project will impact Waters of the U.S., the designer shall take into
account requirements of the Clean Water Act (CWA), Section 404.

TheCorps ofEngineers, the permitting authority for the 404 permit, will require the
designer to first avoid any impacts, second to limit impacts, and finally, to reduce
impacts consistant with 404 b(l) Guidelines (National Archives and Records Ad
ministration, 1990). If the designer cannot avoid impacting Waters of the U.S., a
requirement of the permit will be mitigation of impacted areas. The Corps of
Engineers will also ensure compliance of the project with Section 401 of the Oean
Water Act and will not issue a 404 permit without this certification. Section 401 of
the OeanWater Act is the certification process by which Arizona Department of
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FEMA floodplains, and drainage permits for activities located outside them. This
sys~em has evolved due to two separate statutory authorities resulting in two
separate regulations. When developingdesigns in flood-prone areas be aware that
even though the project is located in what a geomorphologist would classify a
floodplain, if it has. not been mapped and published by FEMA, then-from a
regulatorystandpoint-it is not considered a floodplain. In that case, the developer
would be required to obtain a drainage permit insteadof a floodplain use permit.

Regulation of floodplains has been undertaken by authority contained in the
National Flood Insurance Program. Engineers designing open channels or analyz
ing floodplains are faced with the provisions of the program; therefore, the follow
ing short description of the program and its requirements is included.

Special Flood Hazard Areas (SFHA) have been delineated on Flood Insurance Rate
Maps (FIRMs) which can be obtained from the local sponsoring agency (i.e., the
FloodControl DistrictofMaricopaCounty,CityofPhoenix, etc.). The IOO-yearflood
boundaries, flood insurance rate zones, and regulatory flood elevations are shown
on the FIRMs. All new development and significant modifications to existing uses
mustbeapproved by the entity responsible for regulating floodplains in thechannel
reach in which the development or modifications are to occur.

In instances where there is insufficient detail to accurately depict the floodplain and
the various zones or when changes to existing conditions occur, a map revision
process canbeused. The revision process includes a Letter ofMapRevision (LOMR)
or a Letter of Map Amendment (LOMA). While procedurally similar, new data that
shows old studies to be in error or changed conditions are addressed in a LOMR.
Changes to FIRMs resulting from exclusion of individual structures and un
developed parcels are described in aLOMA.

If construction is proposed on land within a SFHA, a conditional LOMA or LOMR
may besought fromFEMA showing that the proposedstructural informationmeets
the established piteria for a standard LOMA or LOMR After completion of the
project, certified record draWing information must be submitted to FEMA to obtain
an accepted LOMA or LOMR Conditional LOMAs and LOMRs do not amend the
FIRM nor do they waive the requirement to purchase flood insurance.

III Definition of Symbols

i.I.I.II·IIII·I..!.I,III.I.!:1 The symbols defined below will be used in equations throughout Chapter 5:

•

8y =
L1.o/LT =

A =
b =
D =

Change in the water surface, ft
Ratio of the summation of the distances between rows of buildings,

1.0, to the total length of the reach along a profile parallel to the
direction of flow, LT, ft/ft

Cross sectional area of flow, ft2

Channel bottom width, ft

Hydraulic Depth = A/T, ft
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Di, =

E =
F =
FB =
Fe =
g =
G =
hv =
to =

LT =
n =
110 =

nu =
p =
Q =
R =
rc =
So =
T =
V =
Wo =

WT =
Y =
Y =
Yc =
Yn =

::I~::~::ili:lii:II:I:~i':lilll Artificial open channels are used in drainage for a wide variety ofapplications. The
::~::::::::::::::::""::::~: applications vary in scale from modest roadside ditches and on-site drainage to

large conveyance facilities that can be several hundred to several thousand feet
wide. Channel linings heavily influence other physical characteristics of open
channels.

This section covers the open channel design applications' more commonly en
countered by civil engineers. Applications involving rivers and large washes or
channels-whichare considered "non-rigid"-requirespecialdesign skills,and the •
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design of these channels should not be attempted with the design techniques
contained in this manual.

Rigid grade control is a requirement for using this section.

5.3.1 Route Considerations
Open channel failures frequently result from poor layout of surrounding land
during theplanning process. Withoutconsiderationofhydraulic parameters during
the earliest phases ofplanning, unsafe conditions are likely to result and, often,
facility and maintenance costs are excessive. A typical example of a safety problem
is a high velocity channel being required in a residential area.

All natural channels are in a constant state of change. Natural channels that have
small changes resulting from periods of low flows and periods of relatively high
flows are considered in equilibrium. The ideal artificial channel is one that ap
proximates a natural channel, in equilibrium, or one which has been carved over a

.long periodoftime. Thesechannelsdo nothave excessive velocities,and are without
closely-spaced, sharp, and reverse curvatures. Artificial channels should be aligned
with the entrances from and exits to hydraulic structures. In all cases, the issue of
wet and dry weather safety should be a paramo~nt consideration in route an4
right-of-way determinations.

Larger naturalchannels have lowflow channelscontained within thebottom width.
To provide low cost maintenance, the artificial open channels should be stable for
both lower and higher flow rates, which may require consideration of low flow
channels to prevent accumulations of silt and reduction of stream capacity. The
route should permit the use of uniform, stable channel side slopes; permit the
maintenance of subcritical flow; and maintain constant channel properties such as
width, side slopes, and depth. Because this condition is sometimes difficult to
achieve, itcan result in channels that are likely to move and, hence, result in ongoing
risk and continuous maintenance.

•

5.3.2 Choice of Channel
The choices of channel properties available to the designer are nUmerous, and
depend upon good-hydraulic practice, environmental design, sociologic impact,
basic project requirements, recognition of risks involved, and maintenance. How
ever,from a practical standpoint, the basic choice to be made initially is whether or
not the channel lining is concrete, soil cement, rock, or earth. In some instances, a
grass lining is appropriate.

The actual choice must be made upon a variety of multi-disciplinary factors and
complex considerations which include, among others:

Hydraulic
» Slope of thalweg

» Right-oi-way

» Stream bed controls-bed stability

» Capacity needed
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» Basin sediment yield and channel transport capacity

» Topography
» Ability to drain adjacent lands
» Geotechnical
» Groundwater levels and groundwater recharge

Structural
» Costs
» Availability of material
» Areas for excavation materials (spoil sites)

Environmental
» Neighborhood character
» Neighborhood aesthetic requirements

» Need for new green areas
» Street and traffic pattern
» Municipal or Flood Control District policies/ordinances
» Need for open space

Sociological
» Neighborhood social patterns
» Neighborhood child population

» Pedestrian traffic
» Recreation needs

5.3.2.1 Description of Channel Types: Artifidal channel types can vary with the
shape of the section and with the lining used for the channel bottom and banks.
Typicalchannel lining types includeconcrete, soil cement, rock, earth (natural), and
grass. These linings canoe used alone or in combination with other linings. Typical
linings and sections are shown in Figure 5.1 and are discussed in detail in Section
5.5.

Some of the sections of Figure 5.1 show an optional low flow channel (discussed
below), however, compound sections larger than a low flow channel may be
desirable Simply because they incorporate hiking trails and other recreational
activities.

Concrete Lined Channels: Concretelined channels areused primarily where right of
way is limited. The channels may be designed for either subcritical or supercritical
flow and generally have steep side slopes because of the limited right of way.
Inherently, these channels presentgreater personal safety problems both in wetand
dry weather (see Section 5.3.25). In addition, supercritical flows present greater
problems to the designer in the design of the channel and in the design of appur
tenances such as bridges and culverts. Channels with supercritical flow require
special attention to construction joint details, changes in .channel alignment, transi
tions, and at the interface with all hydraulic structures.

•

•

•
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lined channel. Non-rigid design techniques must be used when earth channel
bottoms are combined with riprap sides. The riprap toe protection (toe rock) should
be designed to protect against anticipated scour (see Figure 5.11a, page 5-46).

. Earth Lined Channels: This category includes both bare earth and naturally
vegetated channels in Maricopa County. Subsequent to construction, some
revegetation will naturally occur, or landscaping practices may be used to establish
growth of indigenous plant materials. For Maricopa County, this growth will be
desert-like, with few grasses and a sparse spacing of other plant materials.

Earth lined channels are designed for subcritical flow ranges. The width to depth
ratios are large, the side slopes are flatter than 4 horizontal: 1 vertical, and grade
control is a requirement of the design. The smaller-size range of these types of
channels do not require low flow channels; however, for larger-sized channels and
for channels used for pedestrian corridors, an armored low flow channel may be
required to achieve effective, low-maintenancechannels. Riprap toe protectionmay
be used to increase channel stability.

Grass Lined Channels: These channels have similar properties to earth lined·chan
nels with side slopes no steeper than 4 horizontal: 1 vertical. The root structure of
the grass permits higher flow velocities and smaller sections. Non-irrigated, grass
lined channels will revert to earth lined channels; therefore, all references to grass
lined channels will be for irrigated grass.

Because water must be conserved in the desert environment, grass lined channels
are most likely to be used as part of landscaping for smaller development tracts and
as part of local and regional park schemes where multiple use activities are in
cluded.

5.3.2.2 Flow Characteristics:

Design velocities for all linings should not fall below 2 ips to minimize sediment
depositional problems.

Determine the maximum allowable velocity from Tables 5.1 and 5.2. Calculate the
allowable capacity for the drainage ditch using Manning's formula with an ap
propriate n value. Manning's n values for typical channel materials are presented
inTable 5.11 (pageS-56). Ifthe naturalchannelslopewouldcauseexcessivevelocity,
employ drop structures, checks, riprap, or other suitable channel protection.

5.3.2.3 Embankment Protection:· Depth of flow and velocity are two primary con
siderations for determining the appropriate type of erosion protection liner. Specific
liner types and their design criteria and procedures are presented in Section 5.4.

5.3.2.4 Low Flow Channels: The majority of storm events will be less than the
design storm, resulting in frequent low flow conditions. Low flows in earth- or
grass-lined trapezoidal channels will deposit sediment and develop their own pilot
channel which will be meandering and could direct low "flows into the channel
banks causing bank erosion. Design oHow flow channels will prevent meandering
and will direct low flows in a controlled manner.

•

•
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Table 5.1
Maximum Permissible VeloclUes for Roadside Drainage

Channels with Erodible Unlngs

Solis Type of Unlng Permissible
(Earth, No Vegetation) Velocity, fpS

Ane Sand (noncolloidal) 2.5
Sandy Loam (noncolloidal) 2.5
Silt Loam (noncolloidal) 3.0
Ordinary Arm Loam 3.5
Ane Gravel 5.0
Stiff Clay (very colloidal) 5.0
Graded, Loam to Cobbles (noncolloidal) 5.0
Graded, Silt to Cobbles (noncolloidal) 5.5
Alluvial Silts (noncolloidal) 3.5
Alluvial Silts (colloidal) 5.0
Coarse Gravel (noncolloidal) 6.0
Cobbles and Shinoles 5.5
Shales and Hard Pans 6.0
From: FHWA •HDS 3&4, Uniform Soils Classification.
For sinuous channels multiply allowable velocity by:

0.95 for slightly sinuous;
0.9 for moderately sinuous; and
0.8 for highly sinuous

Rounding the channel bottom to approximate a-parabolic shape will cause the
centerline of the channel to act as a low flow channel Alternatively, the channel
bottom could be graded into a shallow V-shape to lower the centerline.

Because of the potential for long-term channel aggradation, base flows and crop
irrigation return flows may require specific consideration. Waterways which are
normally dry often have somewhat continuous low flows after urbanization be
cause of lawn irrigation and other outside uses of water, including crop irrigation
return flows for developments on the edge of urbanizing areas. Maricopa County
is generally typified by low groundwater tables, porous swface materials and
limited irrigation, which tend to reduce low flows and short-term problems of
aggradation and wet channel bottoms.

Base flows for larger drainage basins can be a significant stability and maintenance
problem for earth- or grass-bottomed channels. In this discussion, base flows can
be considered as flow rates that are less than the 5- or lo-year storm events. Ifgrass
and earth channels are too wide, the low flows will tend to incise a channel within
the bottom, giving rise to both higher maintenance requirements and more channel
instability when larger storms occur. Because flows of sufficient size to cause a low
flow channel to form may not occur for severalyears, themagnitude of thisproblem
may not be observed for several years.
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Table 5.2
Roadside Channels Lined with Unlfonn Stand of Various Grass Cover andWell Maintained (1X2)

- Pennlsslble Velocity, fps

Erosion
Cover Slope Range, % Resistant Solis Easily Eroded Salls

oto 5 6.0 4.5

Bermuda Grass 5to 10 5.5 4.0

Over 10 5.0 3.0

Desert SaltGrass oto 5 5.0 4.0

Vine Mesquite 5tolO 4.5 3.0

Over 10 4.0 2.5

Lehmann Lovegrass

Big Galleta oto 5(3) 3.5 2.5
Purple Threeawn

Sand Dropseed
Sudangrass(4) oto 5(3) 3.5 2.5
Barley (4)

(1) Use velocities over 5fps only where good covers and proper maintenance can be obtained.

(2) Grass is accepted only if an irrtgation system is provided.

(3) Not recommended for use on slopes steeper than 5percent.

(4) Annuals, used on mild slopes or as temporary protection until permanent covers are established.

When calculations illustrate the need for low flow channels, it is important to
provide for notches in hydraulic structures to pass low flows. Without this
provision, the low flows will not be confined and local aggradation may lead to
failure of hydraulic structures and channels.

5.3.2.5 Safety: Section 4.3.2.7 contains a full discussion of safety, however, with
regard to open channels, it may be necessary to provide Category Isafetydevices
primarily fencing-to preclude wet and dry weather access to drainage facilities
that can be hazardous.

Except as subsequently provided, fencing will be required. for all new concrete,
shotcrete, and soil cement lined channels with side-slopes steeper than 4:1 that
meet a Class A hazard as defined in Table 4.4 (page 4-81). Subcritical concrete,
shotcrete, and soil cement lined channels having depths and bottom widths less
than 3 feet and 5 feet, respectively, will not require fencing. Fencing may be
required by individual entities regardless of the conditions listed in this manual.

5.3.2.6 Maintenance: Maintenance considerations·are an important factor in
open channel design. Grass-lined. channeLS require irrigation and mowing. Earth
lined channels need to be kept clear of vegetation and debris. Concrete-lined

•

•
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channels require periodic maintenance and may also require sediment removal
after intense storms. Consider the required level of maintenance and obtain as-

osurance of the proper level of maintenance for all designs.

Design of Artificial Channels
This manual provides the Simplified Design Procedure for normally encountered
design problems in open channels that can be applied only to discharges less than
2,500 cis. When a condition is encountered that is beyond the scope of this simplified
procedure, an increase in the detail of analysis is required. Section 5.6 includes
design checklists for artificial and natural channels. The basis of the checklists is for
the designer to address the probable important factors on each assignment. For
common, controlled conditions, there are Simplified approaches to design that can
be used; however,when a condition occurs that requires a higher level of technical
approach, the designprocedures require engineersqualified inopenchanneldesign
techniques and more complex procedures.

The information contained in this section is to be used as the designer proceeds
through the checklist items. As often noted in this manual, the intent is to provide
design approaches and support for the most commonly encountered conditions.
For more complex problems, a complete ch~klist and recommended minimum
references to support the checklist are included in Section 5.6. These references are
especially helpful for those facilities involvingsignificantsediment transport issues
orcomplex hydraulic structures for grade control and/or ~ergydissipation.

5.3.3.1 Design Criteria for the Simplified Design Procedure: This section ad
dresses properties ofchannelcross sections. Methods ofcalculatingchannel bottom
slope, hydraulic depths, and other hydraulic characteristics follow.

The parameters listed in Table 5.3 and within this section should be used as
guideline values. The criteria in Table 5.3 can be adjusted, but only by making
request to the Flood Control District and/or other regulating agency. The request
must be accompanied by a specific detailed design prepared by a registered en
gineer using the long-form design procedure (checklist) outlined in Section 5.6.
Conversely, in the course of design, conditions requiring more stringent criteria
may be found. In this instance, use the more restrictive procedures and criteria.

Table 5.3 contains the channel properties to be used bydesigners of open channels
using the Simplified Design Procedure. It should be noted that the channel properties
change with the design discharge, which is a result of the hydraulic characteristics
of open channels. As the design discharge increases, rigid channel design becomes
increasingly more difficult to achieve. Safety considerations and the force of water
combine to demand greater and greater design skills as the design discharge
increases.

5.3.3.2 Hydraulics of Open Channels: For a relatively long, straight, and uniform
channel, normal depth (i.e., uniform flow) calculations can beused to determine the
discharge capacity at varying depths for a constant ~ross-sectionalarea. However,
practicing engineers working in an urban environmentwill rarely encounter either
existing conditions or design conditions where uniform flow calculations are ade
quate to totally define the flow conditions associated with a given discharge.
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Table 5.3
Bow .:a.ry Conditions for

ArUflclal Channel Properties
Simplified Design Procedure

(Q < 2,500 cfs)

Type of Channel Lining (1) Side Slopes, H:V Maximum Velocity, tpS(2)

Concrete(3) Vertical (4) 15
Soil Cement 2:1 9 (5)

Grouted Rock 3:1 9 (5)

Riprap 3:1 9 (5)

Gabion Baskets 2:1 9 (5)

Grass (jrriaated and maintained) 4:1 2.5 to 8 (6)

Earth 4:1 2.5 to 6.0

•

(1)

(2)

(3)

(4)

(5)

(6)

Note:

The values in this table are for channel sections with the same lining material for bottom and
sides. For conditions where the bottoms and sides of the channel are different, the most
critical applicable criteria are to be used.

Maximum velocities listed for erodible linings are to be checked in each design to assure that
erosion will not occur.

The concrete lining classification also incrudes mortar or concrete pneumatically applied
(shotcrete) (see Section 5.5.2.7, page 5-36). .

When using vertical sides, refer to Chapter 6 for design of reinforcement.

Guideline only. Strict limits have not been set because this manual recommends that these
channels flow subcritcally (see Critical Aow, page 5-15).

. Refer to Table 5.2.

1. Compute the Freeboard using Equation 5.10 (page 5-19), with minimumsof 1and 2 feet
for channels designed for subcritical and supercritical flow, respectively. For curved
channel sections, refer to Equation 5.9 (page 5-19).

2. The criteria listed in this table are boundary values. The designer is responsible for
determining adequacy of criteria for each specific application. For design of lining
materials, analyses of soil conditions and subsurface drainage may be required by the
Flood Control District and/or other regulating agencies.

•

Transitionsections, channel jUnctions orconfluences, channelbends, and hydraulic
structures (e.g., culverts and bridges) can create major or minor deviations from
uniform flow conditions. Therefore, the engineer must consider these deviations
(covered elsewherein this manual) whendesigningoranalyzingdrainagechannels.

Uniform Flow: For a given channel condition of roughness, discharge, and slope,
there is only one possible depth for maintaining a uniform flow. This depth is the
normal depth, Yn. When roughness, depthand slopeareknownata channel section,
there can only be one discharge for maintaining a uniform flow through the section.
This discharge is the normal discharge.

If the channel is uniform and resistance and gravity forces are in exact balance, the
water surface will be parallel to the bottom of the channel. This is the condition of •
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uniform flow; howeveJ:'illnifQrm flow is more often a theoretical abstraction than
an actuality. The engineer must be aware that uniform flow computation provides
only'an approximation of what will occur; however, such computations are useful
for planning. .

The normal depth is computed so frequently that it is convenient to use special
graphs for various types of cross sections to eliminate the need for time consuming
trial and error solutions (see Figures 5.13 and 5.14, pages 5-57 and 5-58).

Equations 5.1 through 5.11 are presented to aid in determining fundam~ntalquan
tities in open channel flow~uchas normal and critical depth and specific energy
and design considerations of freeboard and minimum radius of curvature. See
Section 5.2 for definitions of the symbols used in these equations.

Generally, it is necessary to apply Manning's Formula (Equation 5.1) to sections of
the channel which have similar properties: .

Because of variable channel cross sections and channel properties, uniform flow
computations are rarely used solely as the basis for openchannel design. Normally,
a designer will use these values for conceptual level decisions. Decisions relative to
preliminary and final design requirements should be made through backwater
determinations (see Section 5.4).

•

v = (1.49/n)R O•67So 0.5

Multiplying velocity by the cross sectional area of flow:

Q = VA

(S.l)

(S.2)

Critical Flow: Critical flow inan open channel or covered conduit with a free water
surface is characterized by several conditions. Some of them are:

» The specific energy is a minimum for a given discharge.

» The discharge is a maximum for a given specific energy.

» The velocity head is equal to half the hydraulic depth in a channelofsmallslope.

ltv =V 2/2g =D/2 (S.3)

» The Froude Number is equal to 1.0.

With the presence of a free surface in an open channel, the force of gravity has an
effect on the state of flow. The effect of gravity on open channel flow is represented
bythe ratio ofinertial forces to gravitationalforces. This ratio is knownas theFroude
Number (F) and is computed by rearranging Equation S.3:

•
F = V/(gD)O.5

For subcritical and supercritica1 flows F <1 and F > 1, respectively.

(5.4)
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a channel of any cross section. The successful approximation of Yc can be verified
by checking whether Equation 5.4 has been minimized.

In applying Equation 5.6 and solving for F in Equation 5.4, if the depth is found to
be at or near critical, the shape of the cross section or of the slope should be changed
to achieve greater hydraulic stability.

To simplify the computation of critical flow, Figure 5.14 (page 5-58) gives dimen
sionless curves showing the relation between depth and the section factor, FC! for
rectangular, trapezoidal, and circular channels:

Fe = A(D)O'S (5.7)

•

•

Roughness Coefficients: Roughness coefficients (n) for use in Manning's equation
vary considerably according to type of material, depth of flow, and quality of
workmanship. Table 5.11 (page 5-56) lists roughness coefficients for pipes, earthen
and natural channels and for various artificial channels.

If unsure of a specific value of roughness, the designer should check the possible
range of roughness coefficients to locate potential problems.

5.3.3.3 Design of Rigid Channels: To be able to use the Simplified Design Proce
dure, the channel must be less than 2,500 cis and "rigid." To be considered rigid,
both the banks and the channel bottom must be stable. This generally results from
the channel layout and from grade control.

Layout: In general, channel layout should follow existing washes, swales, or
depressions.

Unless special exception is made by the governing entities, all artificial channels
must begin and end where, historically, runoff has flowed.

This requirement applies both to the point where water becomes channelized and
the point where runoff leaves the channel. This requirement is legal in nature as
well as a matter of preventing erosion and property damage that would not have
occurred without the drainage work being constructed. In addition, the water
surface along the route cannot be raised so that damages occur as if improvements
had not been made.

Care should be taken not to choose routes which lengthen the channel sufficiently
to reduce channel slopes below that which will cause sediment deposition during
low flows. Use Equations 5.1 and 5.2 to verify this condition. Likewise, channel
layout can be used to reduce excessive channel slopes and the amount of grade
control structures that are required.

It is most important to achieve a good channel layout inconceptualand preliminary
layout of the surrounding land use. In general, the radius of curvature should not
be less than three times the design flow top width.
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Curves in a channel cause the maximum flow velocity to shift toward the outside
.of the bend. Along the outside of the curve, the depth of flow is at a maximum. This
rise in the water surface is referred to as superelevation. The shift in the velocity
may cause cross-waves to form, which will persist downstream when the flow is
supercritical. Severe erosion, deposition and reduced channel performance result
from severe curvatures inchannel alignment. To minimize the effectdue to channel
bends, channel curvature should only be used where topographic or other condi
tions necessitate theiruse. If the flow is supercritical, special design criteria may need
to be employed to eliminate the downstream effects.

For superelevation under subcritical conditions, the following formula is generally
used:

(5.9)

•

The freeboard requirements should be added to the superelevated water surface
elevation.

For supercritical flow, the disturbance caused by a bend in the channel persists
downstream. Therefore, a detailedhydraulic study mustbeconducted to determine
the effects of the channel curvature on the freeboard requirement. This section
includes a discussion of channel curvature.

Freeboard:
Required freeboard is computed according to the following formula:

FE = 0.25 Q";!:y~(~ _ (5.10)
sp.&'4Z<:.... ..R/r.y, 'Z':!

The minimum freeboard value for rigid channels shall be I foot for-subcritical and
2 feet for supercritical flows. Using a smaller freeboard in specific cases requires
prior approval of the governing agency.

Additional requirements for freeboard may be called for in specific cases where
aggradation is substantial during a single flow event and/or superelevation must
be taken into consideration.

Low Flow Channels: For channels with grass or earth bottoms, it is recommended
that low flow channels (see Figure 5.1, page 5-7) be considered whenever the
following condition exists:

b/(VY) ~ 1.40 (s.n)

•
where V and Yare values for the laO-year flood.

The existence of frequent grade control structures may also preclude the require
ment for compound channel sections; however, where grade control structures are
used in conjunction with low flow channels, the hydraulic structure should be
matched to pass flows within the low flow channel.
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5.3.3.5 Final Design: l1rU~s~exe:mpte4by the governing entity, water surface
profiles must be computed for all channels during final design and clearly shown
on a copy of the final drawings. Computation of the water surface profile should
usestandardbackwater methods, taking intoconsiderationall lossesdue to changes
in velocity, drops, bridge openings, and other obstructions (see Section 5.4). Other
than supercriticalconcrete lined facilities, computations beginat a known pointand
extend in an upstream direction for subcritical flow; this is why the channel should
be designed from a downstream direction to an upstream direction. It is necessary
to show the energy gradient on all preliminary drawings to help insure against errors.
Whether or not the energy gradient line is shown on the final drawings is ~ptional.

Remember that open channel flow in urban drainage is usually non-uniform
because of bridge openings, curves, and structures, so backwater computations
must be used for all final channel design work (see Section 5.4).

5.3.3.6 Design of Non-Rigid Channels: Large washes and locations where ur
banizedchannels discharge into non-urbanized areas are the most likelycandidates
for this type of design. Non-rigid channel design requires special design skill and
experience; therefore, design parameters and procedures are not described in this
manual. However, a checklist for design requirements and a list of references that
address non-rigid channel design are included in Section 5.6.

Non-rigid channel design can have economic benefits through reduced channel
sections using movable bedsand fixed sides, orpermittinga channel to seekits own
equilibrium without constructing drainage facilities. In these instances, designers
may be required to develop calculations to prove channel stability or to prove that
the channel will maintain its course within certain specified limits.

September 1, 1992 5·21



Natural Channels

1IIIIilllil~II·: Natural Channels
;:::::;:;:;:;:;:;:::::;:;:;:;::

·1:!::l::·l:j·!·!jj·!·:!.:)!1 In Maricopa County, floodplains tend to be wide, braided, and not permanently
;:;:;:;:;:;:;:,:,:,:;:;:;:;:;:; fixed in one location. Furthermore, velocities tend to be high, causing channel

modifications to be difficult to effect. Designers working in Maricopa County are,
therefore, interested in the course of natural channels, especially where develop
ment will occur. Other design interests include the existing washes into which
drainage works·from development will empty, and changes that occur in.natural
channels due to increases in the volume of runoff that occurs from urbanization.

Floodplain analysis tends to be very complex; however, a basic understanding of
the behavior of natural channels and the methods of analysis can be very useful in
the overall approach to drainage design. Acommon requiremenUor many projects
is determining water surface profiles.

Natural channels tend to be in a steady state of change. Mountainous streams can
be rigid, yet, in a geologic framework, are in a constant state of headcutting. While
some mountainous regimechannels exist, the natural channels that mostcommonly
occur in Maricopa County lie within alluvial materials that have been deposited
over long periods of time.

At transitions from natural to artificial channels, an array of problems can.occur.
Erosion can occur where the artificial channel has a substantial increase in con
veyance compared to an upstream, natural channel. Because of their steep nature,
the most common problem associated with mountainous streams is the sedimenta
tion that. predictably occurs where the natural channel interfaces with artificial
channels which confine flows through development. Low flow channel sections
may be required in the artificial channels to move sediment. Sedimentation can be
expected where attempts are made to sharply deflect the direction offlow from the
naturally steep channels. This condition should be avoided.

In the more common alluVial cases, natural channels tend to deposit sediment and
meander during low flow periods (which is most of the time) and to erode and
straighten channel alignments during rare events. It is in this manner that the
alluvial fans have been formed. Generally, if alluvial material exists, then there is
some potential for the stream to reoccupy the alluvial areas resulting from a period
of high flows. Therefore, it is necessary to acknowledge the potential for a natural
channel to be 'non-rigid.'

Floodplain analyses tend to overlook this tendency for a natural channel to move,
and, in many instances, this is an acceptable approach; however, the strict use of
this approach within urbanized areas can lead to unfortunate results. As a result,
there is oftena need to utilize bankprotectionand hydraulic structures to selectively
transform a non-rigid, natural channel into a more rigid channel.

Unless a natural channel is steadily aggrading or degrading, the construction of
roadswithadequatelysizedand protected bridgeswill significantly limit the lateral
movement capability of most channels. Notable exceptions in Maricopa County
are the extensive alluvial fan areas, which are outside the scope of this manual.

•

•

•
5·22 September 1, 1992



•

•

•

5.4.1

Open Channels

Combined with bridges, the selective use of bank protection and grade control
structures can prevent a natural channel from moving over a wide range of flow
rates.

The entire hydrological approach to converting a natural waterway which has
historically transported water from rural lands to an urban major drainage channel
is so complex thatapplicable design criteria cannot be presented completely in this
manual. It will suffice here to state that the planning for use of such channels must
be undertaken with the full benefit of engineers with adequate experience in open
channel flow, bed stability, andsediment transport, together with experts in related
fields. .

Analysis of Natural Channels
The investigations necessary to insure that a natural channel will be adequate are
different for every waterway. Supercritical flow cannot always occur in natural
channels and frequent checks should be made during the co~rse of the backwater
computations to insure that the computations do not reflect supercritical flow.

Because of the advantages which are available to a community by utilizing natural
waterways for urban storm drainage purposes, the designer should consult with
experts in related fields as to the methods ofdevelopment. Where natural channels
are used, the usual rules of freeboard depth, curvature, and other rules applicable
to artificial channels do not apply. For instance, when laid out and developed for
the purpose of being inundated during the major runoff peak, there can be sig
nificant advantages if the designer incorporates into the planning the overtopping
of the channel and localized flooding of adjacent areas. Using natural channels
requires thatprimaryattention begiven to erosive tendencies and carryingcapacity
adequacy. The floodplain of the waterway must be defined so that adequate zoning
can take place to protect the waterway from encroachment to maintain its capacity
and storage potential.

Section 5.6 contains a checklist of technieal issues that need to be addressed when
analyzing waterways in the vicinity ofbridges and culverts. A general approach for·
analyzing the effectiveness of natural channels include several tasks:

» Prepare cross sections of the channel for the major design runoff.

» Investigate the bed and bank material as to the particle size classification.

» Study the stability of the channel under future conditions of flow.

» Examine channel and overbank capacity to determine adequacy for lOO-year
runoff.

» Examine velocities in natural channels to verify that critical velocity is not
exceeded for any section.

» Define water surface limits so that the floodplain can be zoned.

» Use roughness factors (lin" values) which are representative ofnon-maintained
channel conditions.
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5.4.1.2 Applicable Metbo4ologie~ .

Nonnal Depth and Velocity: Ifthe depth and direction of theflow inan openchannel
are nearly constant (i.e., steady, uniform flow conditions), the flow regime is said
to be "normal," and the hydraulic characteristics of the channel can be evaluated
by using the Manning's Equation (Equation 5.1).

When delineating natural floodplains using the Manning's equation, it is important
to ensure that the energy grade line (EGL), slopes continuously in the downhill
direction. The energy grade line isdefined as a lineconnectingpoints of~own total
head or total specific energy, E, as computed by Equation 5.5.

In those cases where the slope of the energy grade line does not nearly equal the
channel bed slope, then it is not reasonable to use a uniform· flow approach, and
backwater calculations must be made.

Backwater Procedure: The previous sectioncontained a briefdiscussion on comput
ing normal depth, which assumes that changes in discharge, bed slope, and cross
sectional area and form, occur relatively gradually, however, sudden changes will
produce additional turbulent energy losses which are not accounted for in the
Manning's equation. This may be particularly true in cases of sudden contractions
and expansions of the channel cross section.

In those instances where an upstream or downstream hydraulic control exists, the
Standard Step Method should be used for evaluating water surface profiles. The
procedure for making Standard Step calculations is given in several easily ob
tainable textbooks or references. Anexampleformfor the methodis shownin Figure
5.15, page 5-59. Computer facilities are available, and the designer should perform
the Standard Step calculations by using the readily available and well-documented
computer program HEC-2, written and distributed by the U.S. Army Corps of
Engineers. ,

One advantage of the Standard Step Method is that if the computation is started at
an assumed elevation that is incorrect for the given discharge, the resulting flow
profile will become more nearly correct with each succeeding cross section
evaluated within a reach. Ifno accurate elevation is known within or near the reach
under consideration, an arbitrary elevation may be assumed at a cross section far
enough away from the "starting" cross section to correct for any initial error.

The step computations should be carried upstream if the flow is subcritical, and
downstream if the flow is supercritical. Otherwise, step computations carried in the
wrong direction tend to make the results diverge from the correct flow profile.

There are a large number of applicationsrelated to open channel flow in which the
shape, or class of flow profiles are important to the designer. Figure 5.3 has been
included as a reference to determine the type of flow profile that may exist in an
artifidal or natural channel.
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5.4.1.3 Floodplain Widths and Depths in Channels with Composite Hydraulic
Roughness: In the following sections, general analyticalproceduresare presented
for evaluating floodplain hydraulics, with an emphasis on determining floodplain
widths and flow depths in natural washes and constructed channels having non
uniform or composite hydraulic roughness.

Composite Channels: The cross section ofa watercourse or a street right-of-way may
be composed of several distinct subsections, with each subsection having different
hydraulic characteristics, such as hydraulic roughness and average flow depth. For
example, an alluvial channel may have a primary, sand-bed chann~l which is
bounded on both sides by densely-vegetated, overbank floodplains, or a flooded
street section may be bounded on both sides by landscaped front yards having
shallower flood depths and slower flow velocities.

In composite channels like these, the discharge is computed for each sub-section
having distinct and different hydraulic characteristics, and the total computed
discharge is set equal to the sum of the individual discharges. Similarly, the mean
velocity for the entire flow cross section is assumed to be equal to the total discharge
divided by the total water area. Open-Channel Hydraulics (Chow 1959), provides an
example of computing flow in channels having composite roughness.

Manning Roughness Coefficients: Manning roughness coefficients (see Table 5".11,
page 5-56), for use in water surface profile calculations, should be carefully es
timated by experienced engineers. The estimates should include consideration that
roughness may vary with flood stage, depending onsuch factors as thewidth-depth
ratio of the wash; presenceofvegetation in themainchanneland the overbankareas;
the types of materials making up the channel bed; and the degree of meandering.
Additional information concerning Manning roughness coefficients can be found
in Tllomsen and Hjalmarson (1991) and Davidian (1984).

In the urban setting, it is not unusual for buildings and other stmctures to occupy a
significant portion of any given"hydraulic cross section. Under these circumstances, it is
often difficult to estimate both the effective width of the cross-section and the Manning
roughness coefficients for the overbank areas. When faced with such a situation, the
engineer should eliminate the portion of the cross section occupied by the building.

Where onlyan estimateof the computed watersurface elevation is needed, a second
option may be selected: use the adjusted urban roughness coefficient, nUl with the
total cross-sectional area, (HejI1977). See Figure 5.4.

(s.U)

•
where all coefficients are as defined in Section 5.2

5.4.1.4 Related Issues

Maintenance: In many instances, specific maintenance access requirements are
required by the local entity and/or the Flood Control District. In planning and
designing open channels, the designer should determine these requirements at the
outset of the project.
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i·!'·.:!:::!·:.·!:!!!!::l::ilil The type of channel lining which may be best suited for a particular pUrpose will
,:"",,::::::::::,:::;:;:;:;::: depend upon a variety of factors, including hydraulic conditions, economic factors,

soil conditions, material availability, aesthetics, and compatibility with existing
improvements at the site. The following lining types are acceptable within their .
range ofapplicability.

5.5.1 Soil Cement
Soil cement has been shown to be an effective and economical method for slope
protection and channel lining in the Maricopa County area.

5.5.1.1 Materials: A wide variety ofsoils canbeused to make durablesoil cement.
For maximum economy and most efficient construction, it is recommended that:

1. The soil contain no material retained on a 3-inch (75 mm) sieve;

2. Between 40 percent and 80 percent pass the No.4 (4.75 mm) sieve; and

3. Between 2 percent and 10 percent pass the No. 200 (0.074 mm) sieve.

4. The PI of the fines should not exceed 10.

If the on-sitematerialdoes not meet these guidelines, theaddition ofimport material
may be necessary. Standard laboratory tests are available to determine the required
proportions of cement and moisture to produce durable soil cement. ·The design of
most soil cement for water control projects is based on the cement content indicated
by ASTM testing procedures and increased by a suitable factor to account for direct
exposure, erosion or abrasion forces.

The Portlandcementshouldcomply with one of the following specifications: ASTM
C150, CSA A5, or AASHTO M85 for Portland cement ofthe typespecified; or ASTM
C595 or AASHTO M240 for Portland blast-furnace slag or Portland pozzolan
cement, excluding slag cements Types S and SA.

lt is important that testing to establish required cement content be done with the
specific cement type, soil, and water that will be used in the project.

Typi~ally, soil cement linings are constructed by th.e central-plant method, where
selected on-site soil materials, or soils borrowed from nearby areas, are mixed with
Portland cement and water and transported to the site for placement and compaction.
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Channel Linings
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Figure 5.7
Soil Cement Uned Channel

(excluding Control Structures)
(Pima County DepartmentofTransportalion and Flood Control District 1984)

• velocities exceed five feet per second for earth lined channels. Froude Numbers for
supercritical flow shall be greater than 1.13 and less than 2.0. Critical flow condi
tions, where 0.86 $ F $ 1.13, are very unstable, and must be avoided.

Supercritical flow in an open channel in an urbanized area creates certain hazards
which the designer must take into consideration. From a practical standpoint it is
generallyunwise to have any curvature ina supercriticalchannel. Careful attention
must be taken to prevent or control excessive oscillatory waves which may extend
down the entire length of the channel from only minor obstructions upstream.
Imperfections at joints may rapidly cause a deterioration of the joints, in which case
a complete failure of the channel can readily occur. High velocity flow can enter
cracks or jointsandcreateuplift forces by theconversionofvelocityhead to pressure

. head causingdamage to the channel lining. It is evident that when designing a lined
channel with supercritical flow, the designer must use utmost care and consider all
relevant factors.

•

All concrete channels carrying supercritical flow shall be lined with continuously
reinforced concrete extending both longitudinally and laterally. There shall be no
reduction incross sectionalarea atbridges orculverts. Freeboardshallbeadequate
to provide a suitable safety margin-at least 2 feet-or an additional capacity of
approximately one-third of the design flow.

Bridges or other structures crossing the channel must be anchored satisfactorily to
withstand the full dynamic load which might be imposed upon the structure in the
event of major debris blockage. Tributary storm drain pipelines must not protrude
into the channel flow area.
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Specific Gravity (Density): The design stone size for a channel depends on the
particle weight, which is a function of the density or specific gravity of the rock
material. A typical value of specific gravity in Maricopa County is 2.4. All stones
composing the riprap should have a specific gravity equal to or exceeding 2.4,
following the standard test ASTM C127.

Durability: Durability addresses the in-place performance of the individual rock
particles, and also the transportation of riprap to the construction site. In-place
deterioration of rock particles can occur due to cycles of freezing and thawing, or
can occur during transportation to the site. The rock particles must have sufficient
strength to withstand abrasive action without reducing the gradation below
specified limits. Qualitatively, a stone that is hard, dense, and resistant to weather
ing and water action should be used. Rock derived from igneous and metamorphic .
sources provides the most durable riprap.

Laboratory tests should be conducted to document the quality of the rock. Specified
tests that should be used to determine durability include: the durability index test
(see Section 5.6) and absorption test (see ASTM C127). Based on these tests, the
durability absorption ratio (DAR) is computed as follows:

•
DAR = Durability Index

Percent Absorption + 1

The following specifications are used to accept or reject material:

1. DAR greater than 23, material is accepted;

2. DAR less than 10, material is rejected;

3. DAR 10 through 23:

a. Durability index 52 or greater, material is accepted; and,

(5.13)

•

b. Durability index 51 or less, material is rejected.

Shape: There are two basic shape criteria. First, the stones should be angular.
Second, not more than 25 percent of the stones should have a length more than 2.5
times the breadth. The length is the longest axis through the stone, and the breadth
is the shortestaxis perpendicular to the length. Angularity isa qualitativeparameter
which is assessed by visual inspection. No standard tests are used to evaluate this
specification.

5.5.3.2 Riprap Layer Characteristics: The major characteristics of the riprap layer
include: characteristic size; gradation; thickness; and filter-blanket requirements.

Characteristic Size: The characteristic size in a riprap gradation is the Dso. This size
represents the average diameter of a rock particle for which 50 percent of the
gradation is finer, by weight.
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The criteria for apparent opening size are as follows:

1. For soilwith less than 50 percent of the particles, by weight, passing a No. 200
sieve, the AOS should be less than 0.6 mm (a No. 30 sieve).

2. For soil with more than 50 percent of the particles, by weight, passing a No. 200
sieve, the AOS should be less than 0.3 mm (a No. 50 sieve).

Filter fabric is not a complete substitute for granular bedding. Filter fabric provides
filtering action only perpendicular to the fabric and has only a single equiva~ent

pore opening between the channel bed and the riprap. Filter fabric has a relatively
smooth surface which provides less resistance to stone movement. Tears in the
fabric greatly reduce its effectiveness so that direct dumping of riprap on the filter
fabric is not allowed and due care must be exercised during construction. The site
conditions and specific application and installation procedures must be carefully
considered in evaluating filter fabric as a replacement for granular bedding material.
Filter fabric can provide an adequate bedding for channe11inings along uniform mild
sloping channels where leaching forces are primarily perpendicular to the fabric.

5.5.3.3 Hydraulic Design Requirements

General: Channel linings constructed of placed, graded riprap or wire enclosed
rock to controlchannel erosion have been found to be cost effective where channel
reaches are relatively short (0.25 mile or less) and where a nearby source of quality
rock is available.

Situations where riprapor wire enclosed rock linings may be appropriate are:

1. Major flows are found to produce channel velocities in excess of allowable
non-eroding values;

2. Channel side slopes.at 3:1 for riprap and 2:1 for enclosed rock linings; and

3. Rapid changes in channel geometry occur, such aschaI:melbends and transitions.

This section presents design requirements for graded. riprap, whileSection5.5.5.3 contains
additional design considerations specifically related. to wire enclosed. rock. Both Sections
are valid only for subcritica1 flow conditions where the Froude Number is 0.86 or less.

Riprap Sizing: The procedures described in Hydraulic Design ofFload Cantrol Chan
nels (Corps of Engineers, E_M-1110-2-1601, 1991) shall be used for the design of
graded riprap channel linings or bank protection. The riprap design procedures
include two concepts for the design of a stable channel lining. The two concepts are
estimation of permissible velocity, and estimation of permissible shear.

The Corps riprap design procedure focuses on determination of the proposed
channel roughness. From this, boundary shear is deterIni.n,ed and then compared
with the design shear that the riprap is able to resist. The design is a trial-and-error
process with different stone size, in terms of D50, and riprap thickness being
adjusted so that the estimated boundary shear is less than the riprap design shear.

•
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•
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TheCorpsdesign procedures assumeriprap material that ispredominantlyangular
in shape. Cobbles with rounded edges have a smaller angle of repose, as shown in
Figure 5.9. Since the internal friction angle of a graded mass of cobbles is less than
an equalmass ofangularrock, thecobblemass is morelikely tobe erodedbychannel
flow. Use of cobbles or rounded rock for channellimng shall incorporate suitable
design modifications in terms of side slope, median rock size and layer thickness,

. and shall be approved by the appropriate jurisdictional agency.

Riprap linings shall have a minimum thickness of 1.5 times DIoo. In urban areas,
riprap having a Dso less than one foot should be buried and revegetated to protect
the riprap lining from vandalism. .

5.5.4 Grouted Rock

5.5.4.1 General: Grouted rock is a structural lining comprised of rock that is
interlocked and bound together by means of concrete grout injected into the void
spaces. Grouted rock provides a stable lining similar to concrete with the added
advantage of a higher roughness factor due to the rock surfaces projecting above
the grout layer.

5.5.4.2 Materials

Rock: Rock for grouting should conform to the property requirements described
inSection5.5.3.1. Graded riprap should not be used for grouting, as the smaller rock
in a graded mix occupies the void spaces to be filled withgrout. Rock should be
specified as a single layer of a minimum dimension rock. As an alternative, a class
of riprap from Table 5.4 may be specified, with the requirement that rock smaller
than the Dso size be removed. Additional details on grouted rock may be found in
Chapter 6. .

Grout: The grout mix should be specified to provide the strength and durability
required to meet the specific application. The minimum 28-day' compressive
strengthshall be 2,000 psi and the slump shallbe within a range of 4 to 7 inches. The
stone aggregate should conform to the gradation requirements of Size Number 8
course aggregate (3/8 inch to No.8) as specified in ASTM C-33. A maximum of 30
percent of the cementous material may be fly ash (ASTM C-618, Type C or F). Fiber
reinforcement maybe added to the grout to provideadditional control ofshrinkage
and cracking. Refer to Chapter 6 for additional information on grouted rock.

5.5.4.3 . Design Considerations: Since grouted rock is a structural lining similar
to reinforced concrete, it is subject to the same design considerations. Rock must be
sized for the anticipated hydraulic design conditions. Foundation conditions must
be evaluated and provisions made for underdrainage and seepage control. If only

,bank protection is to be provided, the grouted rock protection must extend below
the channel invert to a depth below the estimated depth of total scour. Refer to
Chapter 7 for additional discussion on channel scour. Construction considerations
for grouted rock are presented in Chapter 6.
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5.5.5 Wire Enclosed Rock (Gabion Baskets)

5.5.5~1 General: Wire enclosed rock refers to rocks that are confined by a wire
basket so that they act as a single unit. The wire mesh enclosed rock units are also
known as gabion baskets or gabion mattresses. One of the major advantages of wire
enclosed rock is that it provides an alternative in situations where available rock
sizes are too small for ordinary riprap. Another advantage is the versatility that
results from the regular geometric shapes of wire enclosed rock. The rectangular
blocks and mats can be fashioned into almost any shape that can be formed with
concrete. The durability of wire enclosed rock is generally limited by the.service life
of the galvanized binding wire which, under normal conditions, is considered to be
about 15 years. Water carrying silt, sand orgravel can reduce the service life of the
wire. Also, water which rolls or otherwise moves cobbles and large stones breaks
the wire with a hammer and anvil action and considerably shortens the life of the
wire. The wire has been found to be susceptible to corrosion by various chemical
agents and is particularly affected by high sulfate soils. If corrosive agents are
known to be in the water or soil, a plastic coated wire should be specified.

Wire enclosed rock is not maintenance free and must be periodically inspected to
determine whether the wire is·sound. If breaks are found while they are still
relatively small, they may be patched by weaving new strands of wire into the wire
cage. Wire enclosed rock installations have been found to attract vandalism. Flat
mattress surfaces seem to be particularly susceptible to having wires cut and stones
removed. It is recommended that, where possible, mattress surfaces be buried,
where they are less prone to vandalism. Wire enclosed rock installations should be
inspected at least once a year under the best circumstances and may require
inspection every three months in vandalism prone areas in conjunction with a
regular maintenance program. Mattresses on sloping surfaces must be securely
anchored to the surface of the soil as discussed in Section 5.5.5.3.

5.5.5.2 ~aterials

Rock and Wire Enclosure Requirements: Rock filler for the wire baskets should meet
the rock property requirements for ordinary riprap. Minimum rocksizes and basket
characteristics are shown in Table 5.7. The maximum stone size should not exceed
two-thirds basket depth or 12 inches, whichever is smaller.

Bedding Requirements: Long term stability of riprap and gabion erosion protection
is strQ.ngly influencedby proper beddingconditions. A largepercentageofaliriprap
failures are directlyattributable to bedding failures, which isparticularlydisturbing
in light of the fact that over half of ali riprap installations experience some degree
of failure-within 10 years ofconstruction. Refer to Section 5.5.3.2 for gravel bedding
or filter design.

5.5.5.a Design Considerations: The geometric properties of wire enclosed rock
permit placement in areas where ordinary riprap is either difficultor impractical to
place. Proper design and construction is important to successful operation and
lifetime performance.
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Table 5.7
Gab/on Baskets and Slope Mattresses

Letter Code Number of Minimum Rock
or SIze length, ft . Width, ft Depth, ft Diaphragms Capacity, yd3 Dimensions, Inches

- Gablon Baskets

A 6 3 3 1 2 4
B 9 3 3 2 3 4
C 13 3 3 3 4 4
D 6 3 1 1 1 4
E 6 3 1 2 1.5 4
F 9 3 1 3 2 4
G 13 3 1 1 0.66 4
H 9 3 1 2 1 4
I 13 3 1 3 1.33 4

Gablon Slope Mattresses

T 9 -6 0.75 5 1.80 3
U 12 6 0.75 6 2.20 3

Slope Mattress Lining: Figure 5.10 shows a typical configuration for a gabion slope
mattress channel lining. Mattresses and flatgabions on channel side slopes need to
be tied to the banks by l-inch diameter steel pipes driven 4 feet into tight, solid soil
(clay) and 6 feet into loose soil (sand). The pipes should be located at the inside
comers of basket diaphragms along an upslope (highest) basket wall, so that the
stakes are an integral part of the basket. The exact spacing of the stakes depends
upon the configuration of the baskets, however the follOWing is the suggested
minimum spacing: stake every six feet along and down the slope, for 2:1 slopes and
every 9 feet along and down the slope for slopes flatter than 2:1. Channel linings
should be .tied to the channel banks with gabion counterforts (thickened gabion
sections that extendinto.thechannelbank)at least every12feet. Counterforts should
be keyed at least 12 inches into the existing banks with slope mattress linings to
counteract longitudinal movement.

5.5.6 Toe Protection

5.5.6.1 General: Scour at a poorly designed toe of a channel bank is one of the
majorcauses offailure of riprap orgabionprotectionmeasures. These failures result
when the foundation of thebank protection measure is undermined by scour at the
toe resulting from local scour and/or general channel bed degradation. Proper
design ofprotectionfrom toe scourinvolves two parameters. First, an estimatemust
be made .of the maximum scour expected to occur over the design life of the
structure. Second, a means of protection must be provided for the maximum scour.
The first parameter, scour depth estimation, requires specialized analysis techni
ques by a qualified engineer. References for scour and sediment transport analysis
are induded in Section 5.B.Means of providing protection for the maximum
scour-once it has been determined-are presented in this section.

•

•
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5.5.6.2 Design Guidelines: The two methods of providing toe protection in al
luvial channels are:

1. To extend protection to thema~um estimated depth of scour; and

2. To provide protection that adjusts to the scour as it occurs.

The first method is the preferred technique because the protection is initially placed
to a known depth and the designer does not have to depend on uncertainties
associated with the method that adjusts to the scour. The first method requires
extension of the bank protection into the excavated channel bed and is primarily
used for placement in the dry because of the expense and uncertainties of deep
excavation that can frequently encounter groundwater.

The main advantage of the second method is the elimination of relatively deep
excavation and related watercontrol. The most frequently used materialfor provid
ing adjustable toe protection is riprap placed at the toe of the bank in a weighted
riprap configuration. The riprap moves downslope, as scour occurs, to form a
protective cover. Figure 5.11a shows the desirable configuration for a weighted
riprap toe. Less frequently used materials are gabion mattresses (see Figure 5.11b).
These mattresses are anchored to the bank protection and their riverward ends are
allowed to loweras scour occurs. Studiesby Linder (1976) and the U.S. Army Corps
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of Engineers (December, 1981) on riprap toe protection arrived at the following
conclusions:

1. Volume of rock in the weighted riprap toe is probably the most significant
factor in determining the success of the weighted riprap toe.

2. Toe shape has a definite influence on performance. Thin toes do not release
rock fast enough, which results in poor slope coverage. Thick toes release rock
at a greater rate than is needed. The thickness of the recommended toe ranges
from two to three times the thickness of the riprap bank protection. The
recommended toe shape is shown in Figure 5.11a. .

3. Complex toe designs that are difficult to construct are not necessary.

4. Downslope ~ock movement occurred without significant movement in the
downstream direction.

5. Results from modeling and the subsequent prototypes show that the recom
mended weighted toe designs launch at a slope slightly steeper than 2:1.

6. Toevolume in the physical model was approximately equal to the volum~

needed to extend the bank protection to the maximum scour depth at a~2:1
slope. Linder (1976) recommends a toe volume equal to 1.5 times the volume
of extending the bank protection to the maximum scour depth.

Weighted riprap toes havebeenusedsuccessfullyfor manyyears. However,success
has not been universal. A common·factor among the failures appears to be the
presence of impinged flow on the bank. Therefore, the guidelines, herein, apply
chiefly to flow conditions parallel to the bank. Where impinged flow is likely, then
analyses must be made to determine an appropriate additional level of protection
for such flow conditions.

Grass Lined Channels
Appropriate grass cover for Maricopa County includes: alfilla for dry land and
Bermuda grass for irrigated applications. Establishment or temporary irrigation
will be required in most situations (see Table 5.2).

The designer should coordinate work with the appropriate jurisdictionalagency to
prov~e the most acceptable grass cover and irrigation method.

5.5.8 Other Forms of Channel Stabilization
Other, lesscommon forms ofchannelstabilization may also beacceptable, provided .
that it can be demonstrated that the particular stabilization method proposed is
capable of Withstanding the hydraulic conditions which can occur within. the
channel.
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II Design Procedures

ill!I!:::I::l:::!!ii:::!:ll:111 This section provides the user of this manual with checklists (procedures) to be
;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:; followed during design, and with examples of design computations that can be

followed in order to clarify the procedures that are used.

5.6.1 Artificial Channels
Table 5.8 is the checklist to be employed in the design of artificial channels. Most
applications in Maricopa County will be able to follow the Simplified Design
Procedure. Shouldconditions faU-outside ofthe Simplified DesignProcedure, themore
rigorous procedure, as shown in the remaining steps, must be completed. In some
instances, the conditions may be so complex that the design procedure for natural
channels (see Section 5.6.2) willbe required. Determination ofwatersurface profiles
is not always required; however, such a determination is necessary in all instances
of spatially varied flow (i.e. side channel spillways) and where obstructions cross
the channel (i.e. culverts, bridges, grade controlstructures, etc.

5.6.1.1 Conditions for Using the Simplified Design Procedure: The steps re
quired for the Simplified Design Procedure are marked with an asterisk in Table 5.8
and can be used. to design open channels that service minor drains and for major
drains that meet the following conditions:

» Grade control established, and

» Design parameters within those listed in Table 5.3.

5.6.1.2 Conditions Beyond the Scope of the Simplified Design Procedure:
When the conditions of the previous subsection cannot be met, it will be necessary
to undertake a more detailed analysis that includes all of the steps listed in Tables
5.9 and 5.10. Table 5.9 addresses analytic requirements of natural channels and
modifications that may be necessary to accommodate crossings of the waterways,
such as bridges and culverts.

5.6.2 Natural Channels
Detailed analyses of natural channels and non-rigid artificial channels are beyond
thescopeofthis manual;however, someunderstandingofthe aspects oftheanalysis
for non-rigid channels is necessary to proceed with the design of rigid channelsand
to provide initial analyses during the master planning phases, especially for lands
adjacent to naturalchannels. Tables5.9 and 5.10 are included to provide prospective
designers with a comprehensive list of subjects that must be considered on adjacent
developments and to plan effective countermeasures to potential adverse impacts.

In addition to normal resources a designer may have for analyzing non-rigid
channels, four specific resources that were used to develop Table 5.10 are listed at
the bottom of that table. Examination of these documents reveals the potential
complexity of analysis of natural channels in Maricopa County. Few naturally
occurring channels will have sufficient grade controls to bemequilibrium over the
expected range of flows. This condition can have significant impacts on the design
of related structures, suchas culverts, hydraulic drops, and bridges. In addition, the

•
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, Table 5.9
Design Checklist for Natural Channels •Item

Initial Data
Existing Structures
Channel Characteristics
Existing Flood Performance Characteristics
Existing Grade Control
Scour Observations
Existing Stream Development

- Dams, Diversions
- Flood Control
- Mining

Flood History
. Rainfall/Runoff Relationships

Possible Components And Strategies
Channels
Bridge Components
River Alignment Control Strategies or Mitigation
Alignment Control Structures
Grade Control Structures
Non-structural Measures (Easements, Acquisition, Litigation)

Economic And Alternative Analysis
Designation of Significantly Different Concepts
Hydrological and Hydraulic Detailing of Alternatives
Least Total Expected Cost Evaluation
Extreme Flood Evaluation of Components and Alternatives
Environmental Considerations
Documentation and Comprehensive Evaluation

Hydraulic Analysis
Determination of Control
Determination of Type of Row Profile
Normal Depth Calculations
Water Surface Profile Calculations [Usually HEC-2j
Bridge Hydraulics
Sand Bed Formation Determination
Sand Bed Roughness
Cobble, Boulder, or Riprap Roughness Determination
Vegetation or Combination Lining Roughness
Dune and Antidune Height
SupercriticatChannel Hydraulics
Drop Hydraulics
Average Characteristics
Physical Hydraulic Models

Sediment Transport Analysis
Additional Considerations

Permanent Record
Post-construction Data
Normallnsoe'ctions (References)

Section Reference

5.4.1.2, 5.4.1.3
5.4
5.4
5.3.2.1, 5.5.6
5.6.2

Drainage Design Manual, Volume I
Drainage Design Manual, Volume I

5.4.5.5
5.4.1, 5.6.2
5.4
Chapter 6
Chapter 6

5.4.5.5
5.3.3.2, Drainage Design Manual, Volume I

Figure 5.3, 5.4.1
5.3.3.2
5.4.1.2
Chapter 7

5.5.3
5.6.3.1

5.3.3.3
5.5.6.3

Table 5.10, Table 7.1
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designer should be alert to practices that are common within channels, such as
gravel mining, that can have significant impact on structures and on the overall
stability of the channel. It is very common for natural channels to move laterally
during larger storm events, and this potential condition can result in serious
consequences to adjacent land uses.

5.6.3 Design Example

5.6.3.1 Example: Improvea small earth linedchannel with incised low flow, bank
and edge erosion So =0.006ft/ft, partially vegetated sandy silt material to conyey
100-year design flow, Q100 =.6SOCfs. (See Figure 5.12.)

fl:E

Given:

» Available channel width of50 feet, with approximately 3 feet depth

» Provide grass-lined main channel with concrete-lined low flow (see Section
8.2.2.6)

» Use 4:1 side slopes and provide minimum freeboard allowance.

Step 1: Check channel capacity.

A. Solve Manning Equation (Equation 5.1)

1. Find cross-sectionalarea of flow [Total area (AT) = area of low flow channel
(Alf) + area Of main channel (Arne))

AT =Alf + Arne

= (1.5) (5) + 3 «18 + 42) / 2)

= 7.5 +90

AT = 97.5 sf

100 Year Water
Surface

5'

Figure 5.12
Channel Design Example
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2. Find wetted perimeter and indicate a 4" thickness for low flow wall.

PT = PIt +Pmc

= (2(0.33) + 2(1.5) +5) + (18 - 5.67) +2(3)(1
2 + 4

2
)0.5)

=8.67 + (12.33 + 24.7)

PT = 45.7 ft

3. Find hydraulic radius

R = AT
PT

97.5
= 45.7

= 2.13 ft

4. Determine Manning's "n" from Table 5.11.
Find composite "n" value:
Concrete lined low flow: n =0.015
Grass-lined main channel: n = 0.025

n= [f<Pi ni 15) I PT j'67 <Cltow,1959)

= [<Pi(l(Ni5
) ;;pmc)(nmp)r

~. [8.67(0.015)1.5 + 37.0(0.025{SJ.
67

45.7

= [(0.016· + 0.15)J·
67

45.7

n = 0.023

5. Substitute values to solve for slope
Multiply Equation 5.1 by AT and rearrange:

Q = (1.49/ n) AT R 0.67 So 0.5

So = [Qn/ (1.49 AT R 0.67)J 2

= ~(0.023) / (1.49) (97.5) (2.13) 0.67J
2

So = 0.003S' ft/ft
,Oo2Q
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(S&5 . 002'( .

Sirfce a channel bottom slope of O.~ft/ft is sufficient to convey the designflow
of~ cis, the steeper existing So of 0.006 ft/ ft will convel? the flow with a smaller
cross sectional area. Equation 5.1 can be solved for ATRO. 7to determine the actual
cross section of flow:

5106 1'\ 2.. Go
ATRo.67 = Qn/1.49So0.5 =,680(0.023)/1.49(0.006)°.5 = ~.5 ft2.67

By trial and error,

Yn = 2.65 ~.""I.5 37. c. 7£ 10

AT = 7.5 + 2:65«18 +~/2) = 83:3 sf, Lit z..
PT = 8.67 + «18 - 5.67) + 2(2.65) (12 + 42

)0.5)=4i:9-ft,and

R = AT/PT =83.3/42.9 =~ ft.
1.~3

~~5

Flow along the channel at So =0.006 ft/ ft has reduced the water depth by 0.35ft.
Note that the composite "n" value has not changed with the new values of PIf, Pmc,

and PT.

B. Check velocity and Froude Number

1. V = Q/A
.= 650/83.3

V= 7.8 fps < 8 fps allowable for Bermuda grass lined channels
...".' (',0$ e \f en 'A) with eJ;'osion re$~tsoil only:.
/' (,;;r+f - 7 -eros!<? '" r€-SI;5, 0\"\""'" St:J,!

2. Check Froude Number

F = V/ (gD)o.s

•

-.

The channel is under near critical flow conditions and will not be stable at
a bottom channel slope of 0.006 ft/ ft for the design flow. One solution is to
provide grade control structures to maintain So = 0.0aM' ft/ ft, thereby
having V = QA =650/,~7.5 = 6.7 fps and F = V!(gD)O.s =
6.7/«32.2)(97.5/42»°·5 = OJ#; which is within the acceptable range of

subcritical flow. See Chapter 6 for grade control structures.

3. Check channel transitions (see Chapter 6).



• C. Confirm freeboard requirement

FB = 0.25(Y + V
2

/2g)

= 0.25 (3 + 6.72
/ 2(32.2»)

= 0.25(3.7)

FB = 0.92ft

= 1 ft minimum

Open Channels

(5.9)

•

•

Summary:

» Grass lined channel with 4:1 side slopes
s~ .(p f

» Velocity =ka fps; F=o/T/, subcritical flow. SeeTable 5.2 for allowable grass and
soil types.

• DO 2.'1'
» Channel slope = O.OO3-8'ft/ft < 0.006 ft/ft (existing)

» Provide grade control

» Provide 1 foot minimum freeboard allowance

» Check flow velocities and hydraulic properties for other flows anticipated

II Design Aids

• o~:'~~:d Figures 5.13 through 5.16 are provided here to help in designing
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Design Aids

Table 5.11
Manning'S Roughness Coefficients*

Roughness Coefficient (n)

Channel Material Minimum Normal Maximum

Corrugated metal 0.021 0.025 0.030

Concrete

Trowel finish 0.011 0.013 0.015

Float finish 0.013 00015 0.016

Unfinished 0.014 0.017 0.020

Shotcrete, good section 0.016 0.019 0.023

Shotcrete, wavy section 0.018 0.022 0.025

Asphalt (use maximum value when cars are present) 0.013 0.016 0.020

Soil Cement 0.018 0.020 0.025

Constructed channels with earth or sand bottom and
sides of:

Clean earth; straight 0.018 0.022 0.025

Earth with grass and weeds 0.020 0.025 0.030

Earth with trees and shrubs 0.024 0.032 0.040

Shotcrete 0.018 0.022 0.025

Soil Cement 0.022 0.025 0.028

Concrete 0.017 0.020 0.024

Dry rubble or rtprap 0.023 0.032 0.036

Natural channels with sand bottom and sides of:

Trees and shrubs 0.025 0.035 0.045

Rock 0.024 0.032 0.040

Natural channel with rock bottom 0.040 0.060 0.090

Overbank Floodplains

Desert brush, normal density 0.040 0.060 0.080

Dense vegetation 0.070 0.100 0.160
• From: Simons, LI and AsSOCiates 1988. Adapted from Chow (1959) and Aldridge and Garret (1973).

•

•

•
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Open Channels
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Hydraulic s_es

II Use of Structures in Drainage

:·il:.!i:lii:::I:!!i:::·::!:!::1 Hydraulic structures are used in storm drainage works to control water flow
:::::::::::::::::::::::::::::::: characteristics such as velocity, direction and depth. Structures may also be used to

control the elevationand slope ofa channelbedias wellas the generalconfiguration,
stability and maintainability of the waterway.

Hydraulic structures increase the cost ofdrainage facilities, and their use should be
limitedbycarefuland thorough hydraulic engineeringpractices to specific locations
and functions justified by prudent planning and design. On the other hand, use of
hydraulic structures can reduce initial and future maintenance costs by changing
the characteristics of the flow to fit the project needs, and by reducing the size and
cost of related facilities.

Hydraulic structures include channel drop structures, low flow check structures,
energy dissipators, bridges, transitions, chutes, bends and many other specific
drainage works:Depending on the function to be served, the shape, size and other
features of hydraulic structures can vary widely from project to project. Hydraulic
design procedures (including model testing in some cases) that examine the struc
ture and related drainage facilities are a key part of the final design ofall structures.

This chapter is oriented toward control structures for drainage channels and for
conduit outlets-in contrast to darns, spillways or specialized conveyance
measures. Refer to Chapter 4 for culvert and closed conduit design, Chapter 5 for
open channel design, and Chapter 7 for bridge design.

•
6.1.1 Channel Drop Structures

Drop structures are used to reduce the effective slope of a natural or artificial
channel. Typically, a drop structure extends across the entire width of the channel
and provides grade control for a full range of flows.

Check structures are similar in concept, but their objective is tostabilizeand control
the channel bed or low flow zone. During a major flood, portions of the flow
circumvent the structure, but erosion is maintained at an acceptable level. Overall
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Use of Structures In Drainage

stability is maintained by control of the low flow area, which would otherwise
degrade downward. Aseries ofcheckstructurescanbeaneconomical interim grade
control measure for natural channels in urbanizing areas or for artificial channels
where funding is inadequate for construction of drop structures.

6.1.2 Conduit Outlet Structures
Energydissipation structures are necessary at the outlets ofculverts orstormsewers
to reduce flow velocity and to provide a transition whereby the concentrated, high
velocity flow exiting the conduit is changed to a wider, shallower and non-erosive
flow regime. Outlet structures may be preformed rock riprap stilling basin or
reinforced concrete structures such as impact basin baffle chutes.

6.1.3 Special Channel Structures
Bridges, spur dikes, channel transitions, constrictions and bends, and structures for
linedchannels and for longconduitsare examples ofhydraulicstructuresfor special
applications.

6.1.3.1 Bridges and Related Structures: Bridges have the potential advantage of
crossing a waterway without disturbing the flow. However, for overall economic
and structural reasons, encroachments and piers in the waterway are a practical
reality. A bridge structure can cause significant hydraulic effects, such as increased
water surface and channel scour. Theseconditions must be analyzed and measures
must be designed for mitigation of negative impacts. Spur dikes, levees, drop or
checkstructures, and pierand abutment protection are types ofstructures designed
to control hydraulic effects at bridge crossings. Refer to Chapter 7 for further
discussion on bridges.

6.1.3.2 Channel Transitions: Channel transitions are typicallyused to moderate
ly vary the cross-sectional geometry to allow the waterway to fit within a more
confined right of way, or to purposely accelerate the flow to be carried by a
specialized high velocity conveyance structure. Constrictions are designed to
restrict and reduce the conveyance along a short reach. Examples are a bridge with
roadway approach embankments that significantly encroach into a floodplain, or a
structuredesigned to raise the upstream water surface to force spill into an off-ehan
nel storage facility. An expansion structure is usually required at the downstream
end of a constricted channel reach or structure to provide a safe, non-eroding
transition to the unconstricted channel. Potential conditions for creation of a
hydraulic jump must be examined and provisions made for control of a jump and
associated turbulent flow conditions.

6.1.3.3 Structures for Lined Channels and Long Conduits: Acceleration chutes
can be used to maximize the use of limited downstream right of way, and to reduce
downstream channel and pipe costs. However, chutes should only be used where
good hydraulic and environmental design concepts permit the use of high velocity
flow. In general, high velocity flow is not permitted in urban areas and applications
in other areas will require careful scrutiny. Bends in lined channels and closed
conduits require analysis to determine if supercritical flow can occur which can
require special structural and other design considerations.

•

•

•
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Hydraulic Structures

• r, = Length ofthe hydraulic Nmp (approximately 6 Y2)' ft

Lv = Vertical creep distance along any contactsurfaces greater than
45 degrees, ft

Lbm _ = Design basin length, main channel, ft

~t = Design basin length, trickle channel, ft

M = Mass rate of flow, lb sec/ft = pQ
n = Manning roughness coefficient
p = For a vertical drop structure, the height of the weir crest.above the

approach channel, ft

LW = Maximum pressure fluctuation at a given location within a hydraulic
jump, psi

qo = Design discharge per unit width, cfs/ft

q = Discharge per unit width> l'll'l, cfs/ft

qc - Discharge per unit width of crest, cfs/ft

qm = Discharge~er unit width of the main channel at drop, ft2/sec
1 2 3/2

=g ~ -

qt = Discharge~er unit width of the trickle channel at drop, ft2/ sec
1 2 3/2

= g Yet
Q = Maximum design discharge, cfs

• r = Channel centerline radius of curvature, ft

R = Hydraulic radius, ft

50 = Bed or drop slope (5 is also used), ft/ ft

T = Top width of flow in the channel, ft

v = Velocity, fps

V = Maximum exit velocity, fps

W -- Chute width, ft

y = Depth of flow, ft

Yc = Critical flow depth, ft

Yem = Critical depth at a drop in the main channel, ft

Yet = Critical depth at a drop in the trickle channel, ft

Ye = Equivalent depth, ft

Yi = Vertical fall at a drop, ft

Yn = Normal depth, ft

Yp = At a vertical drop, the pool depth under the nappe just below the
crest, ft

Y1 = At a vertical hard drop, the depth of flow immediately downstream
of the point where the nappe con~cts the basin, or at the toe of a

• sloping drop, ft

Y1u = Initial (upstream) flow depth, ft
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Y2 =

Y2D =
(Y2)m =
(Y2)t =
Yf =
Yo =
Yp =
Ytw =
z =

Z

Zf
=
=

The tailwater depth required to cause a jump to form immediately
downstream of the initial depth location for Y1, ft

Sequent (downstream) flow depth, ft
Sequent depth, main channel, ft
Sequent depth,trickle channel, ft
Effective fall height from the crest to the basin floor, ft
Brink depth, ft

Pool depth under the nappe downstream of the crest, ft
Actual tailwaterdepth present downstream of the drop, ft
Fora vertical drop structure, the difference in the bed elevations

of the approach channel at the weir and the downstream
channel at the end of the structure, ft, = D - P .-. O.67ds

Channel side slope vertical ratio distance, ftl ft
Drop face slope, ftl ft

•

II Channel Drop Structures

:llljl'l General

The term"drop structure" isbroadlydefined. Includedarestructuresbuilt to restore
previously damaged channels, those constructed during new urban development
to prevent accelerated erosion caused by increased runoff, and applications in
which other specialized hydraulic conditions are created in the flow channel.

The focus of this criteria is on drop structures with design flows up to 10,000 cfs.
Flows less than 500 cfs are the usual range for check structures. Check structures
have additionalconsiderations because major flooding goes around the structure
abutments, typically in q much wider floodplain.

6.3.1.1 Basic Components of a Drop Structure: Figure 6.1 shows a typical chan
nel drop structure with its various components. Once a particular structure type is
selectedfordesign, analysesareconducted to determine the optimalsizingor extent
of the various components.

6.3.1.2 Design Considerations: .In addition to hydraulic performance (discussed
in Section 6.3.2), a number of other considerations affect the selection of an ap
propriatedrop structure for a particular application.

Soil and Foundation Conditions: Geotechnical investigations should be completed
to identify the characteristics of the on-site soils. Silty and sandy soils require
detailed analyses for seepage control. Expansive soils require special design tech
niques to minimize differential movement. Structure design for foundation, walls
andslabs mustconsidersoil andhydrostatic pressures, seepageand potentialscour.

•

•
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CHANNEL SECTION

Drawdown
Zone

Critical Depth
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Tailwater
Depth

Basin Sill

Hydraulic Jump
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~OW ~IOW/Tric~e7~""'"
Channel Invert ....................

..........

Drop Face
(Sloping or Vertical)

Cutoff Wall

Upstream
or Approach

Depth

Main
Channel

Invert

•

(cutOff Wall

CHANNEL PROFILE

•
Figure 6.1

Typical Drop Structure Components
(Adapted from Mclaughlin Water Engineers. Ltd. 1986)
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Construction Concerns: The selection of a drop and its foundation may also be
tempered by construction difficulty, access, material availability, etc. Quality con
trol through conscientious inspection is an important consideration.

Maintenance Concerns: Issues to be considered include ease of access to the crest
and stilling basin areas, designs for vandal resistance, designs that eliminate
trapped (ponded) water and provision of landscaped or grassed slopes that are
easily maintained.

Sodological Considerations: These include public acceptability issues such as safety,
visual appearance, mosquito breeding in ponded water, etc. .

6.3.1.3 Drop Structure Types: Design guidance is presented in this section for
the following drop structures:

» Baffle Chute Drops
» Vertical Hard Basin Drops
» Vertical Riprap Basin Drops
» Sloping Concrete Drops
» Low Flow Check Structures

Figure 6.2 shows schematic profiles of each type.

Due toa high failure rate and excessive maintenancecosts, drop structures having
loose riprap on a sloping face are not permitted.

All drop structures should be inspected on a regular basis during construction to
assure their quality and integrity. In addition, drop structures should also be
monitored on a periodic basis after construction.

Additional bank and bottom protection may ·be needed if secondary erosional
tendencies are revealed. Thus, it is advisable to establish construction contracts and
budgets with this in mind. Use of standardized design methods for the types of
drops described herein can reduce the need for secondary design refinements.
Section 6.3.3 presentsconsiderations for theselectionof theappropriate type ofdrop
structure for particular application or site conditions.

6.3.2 Hydraulic Analysis Considerations

6.3.2.1 General Procedures: These design procedures are generalized. Use them
to identify the mostsuitable approach, with theunderstanding thatdetailedanalyti
cal methods and design specifications may vary as a function ofsite conditions and
hydraulic performance. A standard drop structuredesign approach would include
at least the following steps:

1. Define the maximum design discharge (usually the lOO-year) and other dis
charges appropriate for analysis (selected discharge(s) expected to occur on a
more frequent basis, which may behave differently at the drop).

•

•

•
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1. BAFFLE CHUTE

3. VERTICAL RIPRAP BASIN

Hydraulic Structures

2. VERTICAL HARD BASIN

4. SLOPING CONCRETE

•

I~-.----------
~ ~ ~-----

5. LOW FLOW CHECK STRU~TURES

Figure 6.2
Drop Structure Types

(Mclaughlin Water Engineers, Ltd. 1986)



Channel Drop Structures

2. Select possible drop structure alternatives to be considered (Section 6.3.3).

3. Determine the required longitudinal channel slope and the total drop height
required to produce the desired hydraulic conditions.

4. Establish the channel hydraulic parameters, reviewing drop structure and
channel combinations that may be most effective.

5. Conduct hydraulic analyses for the structure. Where appropriate, apply
separate hydraulic analyses to the main channel and the low flow zones of the
drop to determine the extent of protection required, as well as the potential
problems/solutions for each. (See Section 6.3.2.3 for discussion.)

6. Perform soils and seepageanalyses to obtain foundation and structuraldesign
information. Combineseepage and hydraulic analysis data to determine forces
on the structure. Evaluate uplifting, overturning,and sliding.

7. Evaluate alternative structures in terms of their estimated capital and main
tenancecosts, and identifycomparable risks and problems for each alternative.
Review alternatives with client and jurisdictional agency to select final plan.
(This task is not specifically a part of the hydraulic analysis criteria, but is
mentioned to illustrate other factors which are involved in the analysis of
alternatives.)

8. Use specific design criteria to determine the drop structure dimensions,
material requirements and construction methods necessary to complete the
design for the selected structures. .

. 6.3.2.2 Crest and Upstream Hydraulics: Usually, the starting point of drop
analysis and design is the designation of the crest section (or review of existing
configuration) at the top of the drop. Asflow passes through critical depth near the
crest, upstream hydraulics are separated from downstream. The critical flow state
must be calculated and compared with the downstream tailwater effect which may
submerge the crest and effectively control the hydraulics at the crest.

With controlat thedrop crest, upstream water surface profilecomputationsare used.
to estimate the distance that protection should be maintained upstream, that is, the
distance to where localized. velocities are reduced to acceptable values. Backwater
computations also yield the maximum upstream flow depth us.ed to set wall
abutmentand bankheights. The water surface profilecomput:qtions should include
a transition/contraction head loss, which should typically range from 0.3 (modest
transitions) to 0.5 (more abrupt transitions) times the change in velocity head. The
reader should refer to standard hydraulic references for guidance (Le., Chow 1959).
Fora givendischarge, there is a balance between the crest base width, upstreamand
downstream flow velocities, the Froude Number in thedrop basin, and the location
of the jump.These parameters must be selected for each specific application.

Two basic configurations of crests are assumed. Baffle chutes, vertical hard basin
andvertical riprap basindrops frequently have verticalornearlyverticalabutments
with nearly rectangular cross sections. Sloping concrete drops generally have

•

•

•
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sloping abutments, for1lUng a trap~z?i<:lcM;frest cross section. All drop types would
typically have a low flow channel which is extended through the drop crest section
at the channel invert.

Vertical or Near Vertical Abutments at Drop Crest: Figure 6.3 presents alternative
drop crests at a vertical drop structure. In general, the objectives of upstream
hydraulics and crest design are:

1. To maintain freeboard in the approach channel,

2. To optimize crest and basin dimensions to achieve the most cost-effective
structure, and

3. To prevent erosion in the transition zone, where flow accelerates approaching
the crest.

A crest expansion maybe necessary to maintainadequate freeboard in the upstream
channel and reduce drawdown velocities just upstream of the crest. A crest con
striction may be appropriate for wide channels to reduce the cost of the crest wall.

Sloping Abutments at Drop Crest: Figure 6.4 shows a schematic layout for the drop
crest and upstream channel at a sloping drop structure. The design objectives
discussed previously also apply here. Constricting the trapezoidal crest serves to
economize the structure while maintaining upstream freeboard. The seepage cutoff
wall is typically placed at or near the upstream end of the transition zone and the
zoneprotectedwith concreteorgrouted rock. This arrangementalso provides better
seepage control, as discussed in Section 6.3.2.4.

6.3.2.3 Water Surface Profile Analysis: Backwater computations should be
completed for the channel reaches upstream and downstream of the proposed drop
structure to establish approach. flow conditions and tailwater conditions for the
range of design flows.

The next step is to determine the location of the hydraulic jump so that the stilling
basin can be sized to adequately contain the zone of turbulence. For vertical drop
structures, this requires analysis of the tailwater elevation to determine if it is
sufficient to cause the jump to occurimmediately, or if the jetwillwashdownstream
until its specific force is sufficiently reduced to allow the jump to occur.

Forsloping drop structures, water surfaces mustbedetermined for the supercritical
profiles down the face of the drop. The location of the hydraulic jump is determined
by comparison of the specific force, Fs, above and below the toe of the drop, using
the following equation:

(6.1)

The depth y, for downstream specific force determination, is the tailwater surface
elevation minus the ground elevation at the point ofinterest, which is typically the
mainbasin elevation or the tricklechannel invert (if the jump is to occurin thebasin).
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The depth for the upstream specific force (supercritical flow) is the supercritical
flow depth at the point in question.

For jumps in vertical riprap basins, the user has to rely on the criteria derived from
laboratory studies. The shaping or reshaping of riprap influences the jump stability
and location. Nevertheless, the basic specific force equation provides some
guidance.

Ideally, for economicconsiderations, the jumpshould begin no further downstream
than the drop toe. This is generally accomplished in the main drop zone by
depressing the basin to a depth nearly as low as the downstream trickle charinel
elevation.

Analyses should be conducted for a range of flows, since flow characteristics at the
drop can vary with discharge. For example, the la-year flow may cascade down the
face ofa sloping drop and form a jump downstream of the toe, whereas the lOa-year
flow may totally submerge the drop.

Where a major channel incorporates a low flow channel, separate analyses should
be completed for the low flow zone and the major channel overbank zone. This is
because the deeper flow profile in the low flow channel zone has a higher energy
grade line profile (Figure 6.5). Specific force analysis in this zone shows that the
hydraulic jump will not occur in the same location as. the rest of the flow over the
drop, and in most cases the jump will occur further downstream. Separate analysis
for this condition will assure that the stilling basin length is sufficient to contain the
jump.

An additional discussion of the hydraulic jump phenomenon is presented. inSection
6.8.

6.3.2.4 Seepage and Uplift Forces: The most common technique for seepage
analysis is that proposed by E.W. Lane (1935), commonly referred to as "Lane's
Weighted-Creep Method." The essential elements of this method are paraphrased
as follows:

1. The weighted-ereep distance of a cross-section of a drop structure is the sum
of the vertical creep distances (along contact surfaces steeper than 45 degrees),
Lv, plus one-third of the horizontal creep distances (along contact surfaces less
than45 degrees), LH.

2. The weighted-creep head ratio is defined as:

(6.2)

3. Lane's recommended weighted-ereep ratios are given for various foundation
materials in Table 6.1. A definition sketch of the variables in Equation 6.2 is
presented in Figure 6.6. .

•

•
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•

Ld
..L.

Lb -----4

Fore < 45'

•
where:

LH =
Lv =
Lu =
La =
Lb =
I.e =
Ld =
Le =

Horizontal seepage length, ft

Verticalseepagelength,ft
Horizontal length from crest to upstream cutoff wall, ft

Horizontal length along face of drop structure, ft

Horizontal length along downstream basin, ft

Depth of cutoff wall, ft

Depth of cutoff at downstream end of basin, ft

Vertical drop height, ft

6-16

Figure 6.6
Definition Sketch for WelghtedoCreep Theory for Nonporous Liner and Cutoffs .

(Adapted from: Simons, Li and Associates 1981)
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Table 6.1
Lane's welghtedoCreep: Recommended Ratios

Material CwRatlo

Very fine sand or silt 8.5
Fine sand 7.0
Medium sand 6.0
Coarse sand 5.0
Fine gravel 4.0
Medium gravel 3.5
Coarse gravel including cobbles 3.0
Boulders with some cobbles and gravel 2.5
Soltclay 3.0
Medium clay 2.0
Hard clay 1.8
Very hard clay or hardpan 1.6

Reverse filter drains, weep holes, and pipe drains are aids to provide security
from seepage, and recommended safe weighted-creep head ratios may be
reduced as much as 10 percent, if used.

5. Care must be exercised to insure that cutoff walls extend laterally into each
bank so that flow will not outflank them.

6. The upward pressure to be used in design may be estimated. by assuming that
the drop in pressure from headwater to tailwater along the contact line of the
drop structure and cutoff wall is proportional to the weighted-ereep distance.

Seepage is controlled by increasing the seepage length such that Cw is lowered to a
conservative value. Soils tests must be taken during design and confirmed during
construction These tests are especially critical for reinforced concrete structures.

An example of this technique can be found in Design ofSmall Dams (USBR 1987). An
alternative approach is to use a flow net or computerized seepage analysis to'
estimate subsurface flows and uplift pressures under a structure. Seepage con
siderations should be included in the design of cutoff walls, wall footings, drains,
filters, structural slabs, and, grouted masses.

Locating a seepage cutoff 'wall upstream of the crest of a drop structure and using
horizontal impervious blankets can be effective. It is also very important to control
lateral seepage around the structure.

6.3.3 Drop Selection
There are four major considerations for the selection of the type of drop structure
for a,particular application: 1) surface flow hydra~c performance; 2) foundation
and seepage control; 3) economic considerations; and 4) construction considera
tions. Other factors which can affect selection are land uses, aesthetics, safety,
maintenance, and anticipated downstream channel degradation.

September 1, 1992 6-17
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6.3.3.1 Surface Flow Hydraulic System: The primary consideration for the
selection of a drop structure should be functional hydraulic performance. The
surface flow hydraulic system combines channel approach and crest hydraulics,
sloping or vertical drop hydraulics and downstream tailwater conditions.
Hydraulic analysis procedures are presented in Section 6.3.2. Additional guidelines
are also contained in Section 6.3.4.

6.3.3.2 Foundation and Seepage Control Systems: Table 6.2 presents some typi
cal foundation conditions and control systems typically used for various drop
heights. Table 6.2 is presented only as a guide. The hydraulic engineer ~ust

calculate hydraulic loadings which can occur for a variety of conditions such as
interim construction conditions, low flow, and flood flow. The soils/foundation
engineercouples this information with the on-sitesoils information. Both workwith
a structural engineer to establish final loading diagrams, and selection and sizing
ofstructural components. This section presents information relevant to hydraulics,
but refer to geotechnical and structural books for related information.

6.3.3.3 Economic Considerations: Evaluation of alternative drop structure costs
should include consideration of construction costs and maintenance costs. Con
struction costs include site work specific to the structure, seepage control, excava
tion, reinforced concrete, riprap, boulders, grout and backfill. Maintenance costs
include rock replacement, debris removal, erosion repair, structural repairs, graffiti
and silt removal..A standard method of cost comparison is present-worthanalysis by
whkh estimated maintenance costs are converted to present worth amounts by
applying an appropriate discount rate factor. The present worth maintenance cost
is then added to the construction cost of each structure under consideration for
comparison.

Other factors also affect the economics of alternative types of drop structures. In
many cases, specific site requirements may dictate the direction of drop structure
design. Depending on location, some construction materials, such as riprap or
boulders, may not be readily available at reasonable cost. Analysis may include
consideration of the cost ofa single drop structure 4 feet high versus the cost of two
structures, each 2 feet high.

6.3.3.4 Construction Considerations: The selection of a drop and its foundation
may also be tempered by construction difficulty, location, access, and material
availability/delivery. Table 6.3 lists construction considerations for key drop struc
ture materials. Additional discussion of construction concerns is included with the
design guidelines for each drop type irt the following section.

6.3.4 Design Guidelines for Drop Structures

6.3.4.1 Baffle Chute Drops: The USBR has developed design standards for a
reinforced concrete chute with baffle blocks on the sloping face of the drop, which
is commonly referred to as baffled apron or baffle chute drops. There are excellent
references, Hydraulic Design of Stilling Basins and Energy Dissipators (Peterka 1984),
and Design ofSmall Canal Structures (USBR 1974), that should be used for the design
of these structures. Recent references include Baffled· Apron as Spillway Energy

•
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Table 6.2
General Seepage ClitoffTechnlque SUitability

Drop Height, feet
Soli Conditions 2 4 8 12

Sand and gravel over bedrock with sufficient depth of S· S· S/SwB* S/SwB·
material to provide support-groundwater CTc CTelST ST ST
prevalent CTf CTflCTI

Sand and gravel with shallow depth to bedrock- CTc CTclST ST ST
groundwater prevalent CW CW CW CW

S·· S·· S·· SwB··
Sand and gravel, great depths to bedrock- S S S S/SwB

groundwater prevalent CTc CTclST ST ST

Sand and gravel, no groundwater, or water table S S S S/SwB
normally below requirement (for variation caused CTf/CTt CTI CTI CTI
by depth to bedrock see first case) CW CW

Clay (and silt)-medium to hard CTc CTc CTc CTc
CW reduce length for difficult backfill conditions

CTf/CTI only for local seepage zones/silts
ST expensive-for special problems

Clay (and silt)-soft to medium with lenses of S S S S/SwB
permeable material-groundwater present CTc CTc CTelST ST

Clay (and silt)-soft to medium with lenses of S S S S/SwB
permeable material-may be moist but not CTc CTc CTelST ST
significant groundwater source CTF CTI CTt CTI

CW CW CW CW

• (consider scour in sheetpile support)

*. (excavate into bedrock and set into concrete)

Legend
S Sheet pile
SwB Sheet pile with bracing and extra measures
CTc Cutoff Trench backfilled with concrete
ST Slurry Trench; similar to CTc; but trench walls are supported with slurry and then later replaced with

concrete or additives that effect cutoff
CW Cutoff Wall; conventional wall, possibly with footer, backfilled; note that the effective seepage length

should generally be decreased because of backfill
CTI Cutoff Trench with synthetic liner and fill
CTf Cutoff Trench with clay fill
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Table 6.3
Construction Components Concerns and Quality Control Measures of Drop Structures

Type Quality Concerns Quality Control Measures and Inspection
Concrete The major c<>ncern is strength and abil~y to Preconstruction ftems include review of shop drawings for reinforcing steel,

resist weathering. Aggregate strength and formwork patterns and ties, concrete design mix and related tests, color
durability are important Special architectural addftives or coatings and architectural treatments such as form liners,
treatments include exposed aggregate, form handrails and fences.
liners and color additives.

Any arch~ecturaltest samples should be completed and approved, along
with all coatings, weather protection or other ftems which could affect
appearance.

Reinforcing Steel Usually not aproblem unless the wrong grade of During construction there are numerous ftems which require checking,
steal is brought to job, or s~e conditions are inclUding: rebar placement, formwork, tie placement, weep holes and
conducive to corrosion problems. Epoxy coated drains, form release coatings and form c1e;liling before concrete
reinforcement can be specified for crftical placement, form removal, concrete placement and testing, weather
condftions. protection, sealants, tie hole treatment, concrete finish work, and

earthwork especiallv that related to seeoaoe control.
Architectural Coatings are always subject to qUaifty concerns, Landscape and archnectural treatments can make abig difference in
and Landscape which are compounded by substrate conditions. appearance; take care to work wfth experienced professionals.
Items Plantings are subject to awide variety of qualfty

and size.
Riprap and Rock Hardness is of concern because the rock is Asignificant ellort is needed in the area of rock quality control. Submntals

subject to rough handling and impact forces. should be required from suppliers to document qualny. Rock should be
durable sound and free seams or fractures. The specific gravity should be

DurabilftY concerns are: Oxidation, weathering aminimum of 2.40.
(freeze thaw tests), and leaching or dissolving by Specifications should include requirements for orderly procedures and
water. appropriate equipment, both for rock and grout placement. Gradation,

durability and specific gravity tests of riprap at the quarry are needed, and
Fracturing, which leads to odd or undesirable should only be waived for small projects where the quarry can demonstrate
shapes, is to be avoided. recent tests. Handling that resuUs in exessive breakage should resuU in

Seams or other discontinunies can lead to
changed methods and/or reexamination of rock quality. SUbgrades should
be dewatered and stabilized. Filters and bedding-layers should be

breakup or undesirable shapes and damage reviewed for compatibility to the on-sfte soil condnions. Rock handling and
dUring handling. placement is crftical. Riprap should be handled selectively so that the

Geologic type is important; sedimentary rocks
gradation is reestablished through any given vertical section. Areas where
the thickness is comprised of all materials smaller than the doo, or where

are undesirable. Volcanic rock often has low excessive voids or radical surface variations occur should be reworked.
densny.

Density of the rock requires specific gravity tests
Good placement techniques should resutt in ariprap layer wfth surface
materials d50 size or greater, closely spaced wfth voids throughly chinked
and locked between larger rock, top surfaces generally parallel to the plane
of the overall riprap bank or surface, and no great departures in surface
elevation from rock to rock.

Graded riprap should not be used for grouting, as the smaller rock can
prevent lull penetration of the grout to the subgrade and can cause
incomplete filling olthe voids. Large rock or boulers should be placed wfth
agradall or multi-prong grapple device for ease of of handling and to
minimize disturbance of the subgrade. Aminimum dimension should be
specified for the rock to aid field inspection. On slopes, uphill boulders
should be keyed in below the tops of downhill boulders for stabUny. A
·stairstep" arrangement where the top surface of the rock is flat and
horizontal is oreferable for both aesthetic and hydraulic reasons.

e
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Table 6.3 (continued)

Type Quality Concerns Quality COntrol Measures and Inspection

Grout Cement content and type, aggregate and water The key to success with grouting is to use rock that is no smaller in any
content are important considerations for strength dimension than the desired grout thickness (so that one can fully access
and durabilhy. Synthetic fibers can be added to and fill the voids), to pump and place the grout using agrout pumper with a
the concrete mix, to provide addttional crack nozzle that can penetrate to the subgrade, to vibrate using a·pencil
control and durability. vibrator" to assure complete filling of the voids, to have good control of the

grout mix (too wet creates shrinkage cracks and stability problems on
slope, too dry leads to poor penetration), and to place the grout to the
desired thickness. Aminimum grout thickness is needed to counteract
uplift forces. However, placing too much is unattractive and reduces the
roughness of the drop which is needed to prevent the jump from washing
downstream. During grouting, tt is important to protect the weep drains.
With care, one can avoid getting grout on the top of the rock. Any spillage
should be washed off immediately. Awood float leaves asmooth finish,
and the "pencil vibrator,· which is preferred, will generally leave a
satisfactory appearance with some touch-up. Full lime inspection is
required during grouting, as is periodic inspection during the rock
placement depending upon the performance of the contractor and the
aesthetic aooearance desired.

Sheetpile Sheetpile comes in many configurations and, in Inspection is required to ensure that piling is driven to the design depth, or
particular, joint details. It requires geotechnical, keyed into bedrock if required. Underground obstructions can create
structural and hydraulic expertise, as well as pile problems whh driving. If piling becomes separated at the joints during
drivina eXDerience durina construction. installation excessive subsurface flow can resuh.

Synthetic Liners Liners must be flexible and strong enough to Subgrade must be well prepared to minimize voids and piping along the
allow adjustment to the actual subgrade, and to smooth surface of the liner. Certificates of conformance to the technical
allow rock placementwithout significant damage specifications should be provided by the manufacturer. Liners should be
to the liner material. spliced only when necessary and placed in accordance wtth manufacturers

instructions.
Seepage Important considerations are: classification and The subgrade should be inspected and sloped to achieve compaction of
Cutoff Soils homogeneity of clay soils, placement, and the cutoff soils and the adjacent subgrade. In order to use this type of drop

compaction techniques. structure, the subgrade soil needs to be aclay (CL), as classified by a
.qualified soils enainser.

Drains Permeability and gradation of media, reverse Gradation analysis of in situ materials and proposed fiher media are
fiher characteristics and compatibilhy wtth in shu advisable. Fabric materials should be used wtth caution to insure that
materials, pipe and other hydraulic components. plugging will not occur. Piping and valving components should comply whh

specifications and be double checked for suitabiltty for the particular
application. The toe drain and other drains should be placed and protected
from contamination. oarticularlv if arout or concrete is Dlaced later.

Cutoffs using The homogeneity and stabiltty of the slurry cutoff Practically, cutoffs using slurry trench techniques are more exotic
Slurry Trench is crhical. The construction techniques to applications and require intensive geotechnical engineering and custom

achieve acutoff to the desired depth and width specifications for individual applications. Measures can involve intensive
are also critical. soil testing, denstty testing of slurry mixtures, tests related to special

chemicals and admixtures, and standard concrete and grout testing
methods. Besides inspection related to all of the above, she environmental
controls are required for slurry mixing and placement and for disposal of
materials displaced durina the process.
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Dissipator (Rhone 1977), which evaluates higher design discharges, and entrance
modifications to reduce the backwater effect caused by the baffles.

The optimal performance occurs for a unit flow (q) at the chute width of 35 to 60
cis/ft. Model testing has evaluated discharges up to 300 cis/ft, and there have been
structures built withup to 120cis/ft. TheUSBRstates that the recommended design
flow of 60 cis/ft for baffle chute drops has been exceeded at several locations
without causing significant problems.

The hydraulic concept involves flow repeatedly encountering obstructions (baffle
piers) that are of a nominal height equivalent to c_ritical depth. The excess energy
through the drop is dissipated by the momentum loss associated with the reorien
tation of flow. A minimum of four rows of baffle piers are recommended to achieve
control of the flow and maximum dissipation of energy. Guidelines are given for
sizing and spacing the blocks. Designing for proper approach velocities is critical
to structure performance. One advantage of the baffle chute drop is that it does not
require tailwater control.

Typical design consists of upstream transition walls, a rectangular approach chute,
a sloping apron of 2:1, or flatter, slope with multiple rows ofbaffle piers (see Figure
6.7). The toe of ~he chut~ extends below grade and is backfilled with loose rock to
prevent undermining the structure by eddy currents or minor degradation of the
downstream channel. This rock will rearrange to establish a stable bed condition
and produce additional stilling action. The structure is effective without tailwater;
however, higher tailwater reduces scour at the toe. Grouted and concrete basins
have also been used to prevent a standing pool from forming at the transitions to
thedownstreamtrickleand main channels. Thestructurealso lends itselftoa variety
of soils and foundation conditions.

There are fixed costs associated with the upstream wing walls, crest approach
section, downstream transition walls and a minimum length of sloping apron (for
four baffle rows). Cons~ent1y, the baffle chute becomes more economical with
increasing drop height. .

This design is quite flexible in adaption, once the hydraulic principles are under
stood. For example, the design has been modified for low drops by locating two
rows of baffles on the slope and two rows on a horizontal extension of the chute.
Another approach has been to use a flatter chute slope than the usual 2 horizontal
to 1 vertical. There are examples where sloping abutments have been used. Other
examples include the use of sloping abutments at the crest and chute sides. These
drops can be extended at a later date ifdownstream beddegradation occurs beyond
that initially anticipated.

The potential for debris flow must also be considered. Use caution when conditions
include streams with heavy debris flow, because the baffles can become clogged
between the interstices, resulting in overflow, low energy dissipation, and direct
impingement of the erosive stream jet on the downstream channel.

The design performance has been documented for numerous baffled apron drops
(USBR 1974). The resulting design precautions generally relate to relatively minor

.-

•

•



•
Hydraulic Structures

Lt

bl

ls

'.I '
I
I
I PROFILE

--r-- i;.:'l:7-"""-..,..;",,,.,,----.:..-='"""""'-.:..~,-

•

Lt • Transition Length
La • Apron Length
If • Face Length
Lb • Basin Rock Length

Lwt • Wing lllall Length Hb· Baffle Height • 0.8 )( Critical Depth
Hwt • Wing lllall Height
Hew • Cutoff lllall Height
HI! • Height of Drop

•
Figure 6.7

Baffle Chute Drop
(Mclaughlin Water Engineers, Ltd, 1986)



Channel Drop Structures

problems, such as erosion protection in adjacent channels, spray above the chute
walls, and debris problems. The basic design criteria and modification details are
given in Figures 6.8 and 6.9. Remaining structural design parameters must be
determined for specific site conditions. Recommended design procedures are dis
cussed below.

General Hydraulic Design Procedure:

1. Determine the maximum inflow rate and the design discharge per unit width:

•
(6.3)

The chute width, W, may depend on the upstream or downstream channel
width, the upstream hydraulic control, economy, or local site topography.
Generally, a unit discharge between 35 to 60 cfs/ ft is most economical.

2. An upstream channel transition section with vertical wing walls, constructed
45 degrees to the flow direction, causes flow approaching the rectangularchute
section to constrict. !tis also feasible to use walls constructed at 90 degrees to
the flow direction. In either configuration, it is important to analyze the
approach hydraulics and water surface profile. Often, the effective flow width
at the critical cross section is narrower than the width of the chute openingdue
to flow separation at the comers of the abutment. To compensate for flow
separation, it is recommended that theactual width constructedbe 1foot wider
than the design analysis width if the constricted crest width is less than 90
percent of the upstream channel flow width. In any case, the design should
carefullyconsider theapproachhydraulicsandcontraction/separationeffects.
Depth and approach velocities should be evaluated through the transition to
determine freeboard, scour, and sedimentation zones.

3. The entrance transition is followed by a rectangular flow alignment apron,
typically 5 feet in length. The upstream approach channel velocity, V, should
be as low as practicaland less than critical velocity at the control section of the
crest. Figure 6.8(b) gives the USBR recommended entrance (channel) velocity.
In a typical grass-linedchannel, the entrance transition to the rectangularchute
section will produce the desired upstream channel velocity reduction. The
elevated chute crest above the channel elevation, as shown in Figure 6.8(a),
should only be used when approach velocities cannot be controlled by the
transition. Specialmeasures to prevent aggradationupstream would be neces
sary with the raised crest configuration.

Entrance-Modification:

1. The trickle flow (or lowflow) channelshould bemaintained through theapron,
approach, and crest sections. It may be routed between the first row of baffle
piers. The trickle channel should start again at the basin rock zone which
should be slightly depressed and then graded up to transition to the
downstream channel. Figure 6.9(c) illustrates one method ofdesigning the low
flow channel through the crest.

::::::;:;:;:;:::;:::;:::::;:::;:;:;:;:;:::::;:::::::::;:::::;:::;:::::::::;:::::::;:;:::::::;:;:;:;:;:::::::::::::::::::;:::;:::::::::;:::::;:;:;:;:;:;:;:::;:;:;:;:::;:::::::;:;:;:;:::::::::;:;:::;:::;:::::;:::::::::::::::::::::::::::::::::::::::::::::;:;:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::.-:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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2. The conventional design shown in Figure 6.8(b) results in the top elevation of
thebaffles being higher than thecrest, whichcausesa higherbackwatersurface
effect upstream. Figure 6.9(a) may be used to estimate extent of the effect and.
to determine corrective measures, such as increasing the upstream freeboard
or widening the chute. Note that baffles projecting above the crest will tend to
produce upstream sediment aggradation. Channel aggradation can be mini
mized by the low flow treatment suggested in the previous paragraph.

Another means of alleviating these problems is the Fujimoto entrance,
developed by the USBR and illustrated in Figure 6.9(b). The upper rows of
baffles are moved one row increment downstream. The important advantage
of this entrance is that there is no backwater effect of the baffles. The serrated
treatment of the modified crest begins disrupting the flow entering the chute
without increasing the headwater. More importantly, this configuration
prOVides a level crest control. The designer may either bring the invert of the
upstream low flow channel into this crest elevation, widening·the low flow
channel as it approaches the crest, or the designer may have a lower trickle
channel and bring it through the serrated crest similar to 1, above. These
treatments will have to be observed until more application experience shows
what may work best.

Structural Design Dimensions:

1. Assume critical flow at the crest and determine critical depth for both peak
flowaild for 2/3 of peak flow. For unit discharge exceeding 60 cis/it, Figure
6.8(b) may be extrapolated:

(6.4)

•

2. The chute section (baffled apron) is concrete with baffles of height, Hb, equal
to 0.8 times critical depth. The ch~te face slope is 2:1 for most cases, but may
be reduced for low drops or where a flatter-slope is desirable. For unit dis
charge applications greater than 60cfs/ft, the baffle height may be based on
2/3 of the peak flow; however, the chute side walls should be designed for
peak flow (see 4, below).

Baffle pier widths and spaces should equal, preferably, about 1.5 Hb but not
less than Hb. Other baffle block dimensions are not critical hydraulically. The
spacing between the rows of baffle blocks should be Hb times the slope. For
example, a 2:1 slope makes the row spacing equal to 2Hb parallel to the chute
floor. The baffle piers are usually constructed with the upstream face normal
to the chute floor surface.

3. Four rows of baffle piers are required to establish full control of the flow,
although fewer rows have operated successfully. At least one row of baffles
are buried in riprap where the chute extends below the downstream channel
grade. Riprap protection continues from the chute outlet to a distance of
approximately 4Hb, or as necessary to prevent eddy currents from undermin-



Channel Drop Structures

ing the walls. Additional rows of baffles may be buried below grade to allow
for downstream channel degradation. .

4. The baffle chute side wall height (measured normal to the floor slope) should
be2.4 times the criticaldepthbased on peakdischarge (or3Hb). The wall height
willcontain the main flow and most of the splash. Thedesign of the areabehind
the wall should consider that some splash may occur, but extensive protection
measures are not required.

5. Determine upstream transition and apron side wall height as required by
backwater analysis. Lower basin wing walls are generally constructed normal
to the chute side walls at the chute outlet to prevent eddy current erosion at
the drop toe. These transition walls are of a height equal to the channel normal
depth plus 1 foot, and length sufficient to inhibit eddy current erosion.

6. All concrete walls and footer dimensions are determined by conventional
structuralmethods. Cutoffwalls and underdrain requirementsare determined
by seepage analysis (see Section 6.3.2.4).

7. The most troublesome aspect of the design is the determination of the
hydraulic impact forces on the baffles to allow the structural engineer to size
adequate reinforcing steel. Figure 6.9(d) may be used as a guideline. The
structural engineer should apply a conservative safety factor, as this curve is
based on relatively sparse information.

Construction Considerations: There are numerous steps necessary in the construc
tion of a baffle chute, but they are usually easily controlled by a contractor. For
quality control and inspection, there are consistent, measurable, and repeatable
standards to apply.

Potential areas of concern include foundation problems, riprap quality control and
placement, and finish work with regard to archit.ectural and landscape treatments.
Formwork, form ties, and seal coatings can leave a poor appearance, ifnot handled
properly. Poor concrete vibration can result in surface defects (honeycombing) or
more serious conditions, such as exposed rebar.

In summary, baffle chute drop structures are the most successful as far as hydraulic
performance is concerned and are straight forward to construct. Steel, formwork,
concrete placement and finish, and backfill require periodic inspection.

6.3.4.2 Vertical Hard Basin Drops: The vertical hard basin is a generalized
category_ which can include a wide variety of structure design modifications and
adaptations. A variety of components can be used for both the hard basin and the
wall, various contraction effects can be implemented to reduce approach velocities,
and different trickle channel options can be selected.

The maximum vertical drop height from crest to basin for a vertical hard basin
drop is limited to 3 feet for safety considerations. .

•

•

•
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The hydraulic phenomenon provided by this type of drop is a jet of water which
overflows the crest wall into the basin below. The jet hits the hard basin and is
redirected horizontally. With sufficient tailwater, a hydraulic jump is initiated.
Otherwise, the flow continues horizontally ina supercritical mode until the specific
force of the tailwater is sufficient to force the jump. Energy is dissipated in the
turbulence through the hydraulic jump; therefore, the basin is sized to contain the
supercritical flow and the erosive turbulent zone.

Generally, a rough basin is advantageous since increased roughness will result in a
shorter, more economical basin. Figure 6.10 shows a vertical drop wit~ a grouted
boulder basin (concrete may also be used), and illustrates several important design
considerations.

General Hydraulic Design Procedure:

1. Thedesignapproachuses theunitdischarge in the mainchanneland the trickle
channel to determine the separate water surface profiles and jump locations in
these zones. The basin is sized to adequately contain the hydraulic jump and
assodated turbulent flows.

2. Therock linedapproach length endsabruptlyata structuralretainingcrestwall
which has a nearly rectangularcross-sectionand trickle channelsection. (Refer
to Section 6.3.2.2.)

3. Crest wall and footer dimensions are determined by conventional structural
methods. Underdrain requirements are determined from seepage analysis.

4. Open Channel Hydraulics (Chow 1959), makes a brief presentation for the
"Straight Drop Spillway," which applies here. Separate analysis would need
to be undertaken for the trickle channel area and the main channel area as
discussed in Section 6.3.23. Add subscript t for the trickle channel area and
subscript m for the main channel ar~a in the following equations.

Refer to Figure 6.11 to identify the follOWing parameters. Lb is the design basin
length which includes !..d and the distance to the jump, Dywhich is measured
from the downstream end of !..d. The jump length, Ly is approximated as six
times the sequent depth, y2. As a safety factor, to assure a sufficient length for
Lb, 0.6 Lj is added in the design of Lb, such that

Lb ~ Ld +Dj +9.6Y2

When a hydraulic jump occurs immediately where the nappe hits the basin
floor, the following variables are defined:

where

•
(6.6a)

(6.6b)
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c. When large boulders. or baffles are used to confine the jump to the
impingement area of the low flow zone, the low flow basin length may
be reduced: •

(6.12)

7. The basin floor elevation is depressed at depth B, variable with drop height
and practical for trickle flow drainage. Note that the basin depth adds to the
effective tailwater depth. The basin is constructed of concrete or grouted rock.
Either material must be evaluated for the hydraulic forces and seepage uplift.

8. There is a sill at the basin end to bring the invert elevation to .that of the
downstream channel and side walls extending from the crestwall to the sill.
The sill is important in causing the hydraulic jump to form in the basin. Buried
riprap should be used downstream of the sill to minimize any local scour
caused by the lift over the sill.

9. Water surface profileanalyses have proven thatbase widths of the rectangular
crest which are less than that of the channel will result in high unit discharges
and velocities, thereby requiring unreasonable extensions of both the basin
length and upstream rock protection. Roughness in the basin area can reduce
the basin length required to contain the hydraulic jump. This is the primary
advantage of the use of grouted rock in the drop basin.

Construction Considerations: Foundation and seepage concerns are very critical
with regard to the vertical wall, as poor control can result in suddenfailure. The use
of caissons or pile can mitigate this effect. Put in comparative terms with the baffle
chute, seepage problems can result in displacement of the vertical wall with no
warning, where the box-like structure of the baffle chute may evidence some
movement or cracking, but not total failure, and thus allow time for repairs.

The quality control concerns and measures for reinforced concrete are described
under baffle chutes. The foundation concerns for the wall are critical as described
above. The subsoil conditions for the basin are also important so that the basin
concrete or grouted riprap is stable against uplift pressures.

A grouted boulder stilling basin provides roughness, which is useful in shortening
the basin length. As the name implies, the basin should be constructed ofindividual
boulders placedona preparedsubgrade. Bouldersshouldbea minimumdimension
that exceeds the grout layer thickness, so that the contractor and the inspector can
see and have grout placed directly to the subgrade and completely filling the voids.
Graded riprap should not be used for grouting, as the smaller rock prevents the
voids from being completely filled with grout. The result is a direct piping route for
water beneath the grout, and a structuralslab with insufficient mass. Thecompleted
combination ofbouldersand groutshould have an overall weightsufficlent to offset
uplift forces. A minimum dimension of 18 inches is recommended for boulders, and
12 inches for the grout layer. By maintaining the finished surface of the grout below
the top of the boulder, bothappearance and roughness characteristics are enhanced.
Seepage relief for the basin slab should be provided.

•

•
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This type of structur~h.asa:rl1oderate U~velof construction difficulty. The wall, once
foundation conditions are addressed, is conventional construction. It is very pos
sible for the construction of the seepage control and earthwork to go awry and
problems to go undetecteduntil the time of failure. The flat concrete or grouted rock
placement is easier for the contractor than graded rock placement/quality controt
but again poor placement and undetected subsoil, bedding or rock problems can
result in failure. Thus, it is easier than many other types to construct, but susceptible
to some hidden risks and problems.

6.3.4.3 Vertical Riprap Basin Drops: As shown in Figure 6.12, this ~tructure is
essentially a plunge pool drop that· incorporates a reinforced concrete crest wall
with a riprap lined dissipation pool below. A nearly rectangular crest section is
recommended to reduce the width of the plunge pool.

MaXimum drop depth is limited to 3 feet due to safety considerations and the
practicality of obtaining large basin riprap for higher drops.

Submergence by high tailwater can limit the dissipation efficiency.

The hydraulic design was developed through model testing by Smith and Strang
in 1967 (Scour in Stone Beds) and design procedures were further developed by
Stevens in 1981 (Hydraulic Design Criteria for Riprapped Chutes and Vmical Drop
Structures).

In this structure, flow passing over the vertical crest wall plunges intoa riprap basin
area. Energy is dissipated by turbulence in the plunge pool. Loose riprap is placed
in the basin according to the initial design specifications. The rock is successively
rearranged by inflows until a more stabilized basin plunge pool is formed. The
depth of the scour hole, ds, and the nominal rock size are inversely related.

Structuraldesign for the verticalcrest wall iscomplicatedby the lackofdownstream
support, seepage, soil saturation and hydraulic loading on the upstream side. In
sandy or erosive soils, it is common to use sheet pile for the crest wall construction,
while caissons may be an acceptable foundation for certain other applications. A
concrete retaining wall is frequently selected for ease of construction, seepage
control and low maintenance.

General Hydraulic Design Procedure: The hydraulic analysis of this type oidrop is
generally similar to that presented in Section 6.3.4.2 for crest hydraulics. The design
of the flexible plunge pool basin is described below.

The desired drop across the structure is the difference in the bed elevations of the
approach channel at the weir and the downstream channel at the end of the
structure. Let this difference be H<t. It follows from Figure 6.12 that:

(6.13)

The designer must find the combination of rock size and jet plunge height D that
gives a depth ofscour which balances Equation 6.13. The relation between rocksize
dso, jet plunge height D, head on the weir, H, (H =1.5YC> and depth of scour ds is
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given in Figure 6.13. As these values will be different in the main drop and the
trickle, the design dso and/or ds will vary.

To obtain an adequate cutoff, the depth of the vertical wall that forms the weir crest
must extend below the bottom of the excavation for the riprap. Thus, it usually
becomes uneconomical to design a scour depth ds, any greater than O.3D. To meet
this limitation in the field it is necessary to: increase the rock size dsoj decrease the
jet plunge height D (by using more drops)j decrease H (by using a wider structure)j
or, to use another type of drop structure.

The side slopes in the basin must be riprapped also as there are strong backcurrents
in the basin. Granular filter material is required under this riprap. The side slopes
in the basin should be the same slope as for the downstream channel.

Construction Considerations: Foundation and seepage concerns are critical with
regard to the vertical wall in this type of drop. They are also generally more critical
than with an equivalent vertical drop into a hardbasin because the riprap basin may
scour and reshape, leaving less supporting material on the downstream side. Thus,
if seepage is worse than anticipated, backfill is poor, or if seepage control measures
are not functioning, an immediate and severe structure stability problem can occur.
The use of caissons or pile can mitigate this effect. Seepage problems can result in
displacement of the vertical wall with no cracking as an advance warning. Seepage
can also cause piping failure where the water- will actually flow under the vertical
wall. Problems can result from rock that does not meet specifications for durability,
specific gravity or gradation. Quality control of rock installation can be difficult in
regard to measuring performance and maintaining consistency. Undersized rock in
the plunge pool basin can cause the basin to reshape differently than designed and
result in stability problems for the wall, the basin, and the downstream channel.

This type ofstructure has a moderate level ofconstruction difficulty. The wall, once
foundation conditions are addressed, is straight forward. It is very possible for the
construction of the seepage control and earthwork to go awry and for problems to
go undetected until the time of failure. The flat riprap placement is easier than
sloping, but again poor placement and undetected subsoil, bedding, or rock
problems can all contribute to failure.

6.3.4.4 Sloping Concrete Drops: The hydraulic concept of these structures is to
dissipate energy byformation ofa conventional hydraulic jump,usually associated
with a reverse current surface flow as the supercritical flow down the face converts
to subcritical flow downstream.

Numerous concepts have been investigated. Among them are the Saint Anthony
Falls (SAP) Stilling Basin, and the USBR Basins I, II, III, and N (FHWA, HEC-14,
1983j and Peterka 1984). These drops and associated basins are suited for different
kinds of situations.

The Saint Anthony Falls Stilling Basin and the USBR Basins (with the exception of
Type Dall work at techniques to shorten the basin length. In the USBR Basin I, no
special measures are provided. On the smooth concrete basin it can take consider
able basin length to ''burn off' enough energy to dissipate the supercritical flow of
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where a jump will b~gin;( and thepmore l,ength to allow for the turbulence of the
jump. Basin I would be relatively expensive because of its length. The other basins
require a certain amount of tailwater, which requires depressing the basin, and the
use ofbaffles orothershapes to allowshorterbasins, relateddissipation, and control
of troublesome wave patterns.

Figure 6.14 illustrates the various types of stilling basins for use with sloping
concrete drops.

General Hydraulic Design Procedure: Design procedures for USBR Basins II, Ill, and
N and the SAP Stilling Basin are presented in Hydraulic Design ofEnergy" Dissipators
for Culverts and Channels (FHWA, HEC-14, 1983) and Hydraulic Design of Stilling
Basins and Energy Dissipators (Peterka 1984).

Analysis ofchannelapproach and crest hydraulics generally follows the guidelines
presented in Section 6.3.2. Once water surface profiles have been determined,
including tailwater determination and supercritical water surfaces down the slop
ing face, seepage uplift forces must be evaluated. Net uplift forces vary as a function
of location along the drop, cutoff measures, drain gallery locations and water
surface profiles 'through the basin.

Fora stable structure, net uplift force from seepage must be countered by net forces
in the downward direction. For a smooth concrete chute, downward forces are the
buoyant weight ofthe concrete structure and the weight of water (a function of the
depth of flow). Significant pressure differentials can occur with a combination of
high seepage forces and shallow supercritical flow. Seepage analyses should be
conducted using Lane's weighted creep methodology (Section 6.3.2.4), and suitable
countermeasures designed. Such measures include Ctltoff walls, weep drain gal
leries and concrete slab thickness design. A range of flood discharges should be
evaluated, since differential pressure relationships can vary with flow depth and
location of hydraulic jump.

Construction Considerations: There may be applications where sloping concrete
drops are advantageous, but generally other drops such as baffle chutes or vertical
drops are more appropriate for a wider range of applications. The design guidance
provided by the literatureis clearand relatively easy to use, but the implementation
is often difficult or impractical. This basically has to do with providing basin depth
without creating a maintenance problem and less flexibility in adapting to varying
bed conditions. .

The integrity of the cutoff is importantas seepageand resultant uplift forces are key
concerns. Uncontrolled underflow could easily lift a major concrete slab.

The stilling basin should be designed to drain completely, to eliminate nuisances
related to ponded water, such as mosquito breeding and sediment/debris ac
cumulation.

Considerations relating to general concrete construction are the same as discussed
previously for baffle chute drops. Public acceptability is likely to be low in urban
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areas, as the sloping concrete face is inviting for bicyclists, roller skaters, and
skateboard enthusiasts.

6.3.4.5 Other Types of Drop Structures: Thereare numerous other types ofdrop
structures for specific applications in drainage design. The four types of structures
presented above are appropriate for the majority of situations to be encountered in
Maricopa County. Some possible variations or modifications are presented below
along with a few specialized types.

Sloping Drop Variations: The use of soil cement, roller compacted concrete, and
grouted boulders are possible variations in sloping drop design. The primary
concern with soil cement is its ability to resist the high abrasive action of turbulent
flow associated with a drop structure. Adequate countermeasures would be re
quired to demonstrate the suitability of soil cement prior to its approval for use on
drop structures.

.Addition of roughness elements on the face of a sloping concrete drop can provide
increased energy dissipation. "Stepped" concrete has been successfully applied at
spillwaysand drop structures. Rollercompactedconcrete is a methodology that can
achieve the stairstep geometry on the face of a sloping drop. Reinforced concrete
steps can be constructed by standard construction methods on small structures. -

Construction ofa drop with groutedboulders is anothermeans ofcreating desirable
roughness on the sloping face and in the stilling basin (see Figure 6.15).

However, because the structure is comprised of a structural slab with two com
ponents (boulders and grout), great care must be taken to design the structure to
withstand uplift and to specify boulder and grout material to assure full quality
control in the field. Seepage analysis is required to determine a compatible com
bination of cutoff depth, location of the toe drain and/or other drains, and the
thickness of rock and grout. Problems with rock specific gravity, durability and
hardness are of concern. Gradation problems are largely eliminated. because the
boulders are specified. to meet minimum physical dimensionsand/or weights,
which is much easier to observe and enforce in the field than with graded. riprap.

The handling of the large boulders requires skilled. manpower and specialized.
equipment. Equipment similar to logging tongs, and specially modified. buckets
with hydraulically powered. "thumbs" have been used. in recent years and have
greatly improved quality and placement rates. The careful placement of stacked
boulders, so that the upstream rock is keyed. in behind the downstream and placed.
with a large flat surface horizontal has been demonstrated to be successful.

The greatest danger lies with a "sugar coated" grout job, where the grout does not
penetrate the voids between the rockand the subgrade,leavinga direct piping route
for water under the grout. This can easily occur when attempting to grout graded.
riprap, thus the need to use individual boulders that are larger in diameter than the
grout layer so that the contractor and the inspector can see and have grout placed.
directly to the subgrade. The best balance appears to be boulders 33 to 50 percent
greater in size than the grout thickness, but of an overall weight sufficient to offset
uplift. Also, when holding grout to this level, the appearance will be much better.
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III Conduit Outlet Structures

1!!I[lllil General
Concreteenergydissipation orstillingbasin structures are required to preventscour
damages caused by high exit velocities and flow expansion turbulence at conduit
outlets. Outlets structures can provide a high degree of energy dissipation and are
generally effective even with relatively low tailwater control. Rock protection at
conduit outlets is appropriate where moderate outlet conditions exis~; however,
there are many situations where rockbasinsare impractical even at low to moderate
flow conditions. Concrete outlet structures can be designed easily and are suitable
for a wide variety of site conditions. In some cases, they are more economical than
large rock basins, particularly where long term costs are considered,

•

•

6.4.2 Riprap Protection at Conduit Outlets
A stillingbasin constructed ofloose, graded riprap can be an effectiveand economi
cal energy dissipation measure for a conduit outlet. Hydraulic Design of Energy

.Dissipators for Culverts and Channels (FHWA, HEC-14, 1983), contains a design
procedure for riprap energy dissipators based on studies conducted at Colorado
State University and sponsored by the Wyoming Highway Department. The fol':'
lowing conclusions were drawn from an analysis of the experimental data and
observed operating characteristics.

» The depth (hs), length (Ls), and width (Ws) of the scour hole were related to the
characteristic size of riprap (dso), discharge (Q), brink depth \'fo), and tailwater
depth (TW).

» The dimensions of a scour hole in a basin constructed with angular rock were
approximately the same as the dimensions ofa scour hole in a basin constructed
of rounded material when rock size and other variables were similar.

» When the ratio of tailwater depth to brink depth (TW/Yo) was less than 0.75
and the ratio of scour depth to size of riprap (hs/ dso) was greater than 2.0, the
scour hole functioned very efficiently as an energy dissipator. The concentrated
flow at the culvert brink plunged into the hole, a jump formed against the
downstream extremity of the scour hole, and flow was generally well dispersed
as it left the basin.

» The mound of material which formed on the bed downstream of the scour hole
contributed to the dissipation of energy and reduced the size of the scour hole;
i.e., if the mound from a stable scoured basin was removed and the basin was
again subjected to design flow,. the scour hole enlarged somewhat.

» For high tailwater basins (TW/Yo greater than 0.75) the high velocity core of
water emerging from the culvert retained its jet-like character as it passed
through the basin, and diffused in a manner very similar to that of a con
centrated jet diffusing in a large body of water. As a result, the scour hole was
much shallower and generally longer. Consequently, riprap may be required
for the channel downstream of the rock-lined basin.
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General details of the basin are shown in Figure 6.17. Principal features of the basin
are:

» The basin is preshaped and lined with riprap of median size dso.

» The surface of the riprapped floor of the energy dissipating pool is constructed
at an elevation, hs, below the culvert invert. Elevation hs is the approximate
depth of scour that wouldoccur in a thick pad of riprap.of size dso constructed
at the outfall of the culvert ifsubjected to design discharge. The ratio of hs to dso
of the material should be greater than 2 and less than 4.

» The length of the energy dissipating pool, Ls, is 10 hs or 3Wo whichever is larger.
The overall length of the basin, Lb, is 15 hs or 4Wo whichever is larger.

6.4.2.1 General Hydraulic Design Procedure

1. Estimate the flow properties at the brink of the culvert. Establish the brink
invert elevation such that TWIYo ::;; 0.75 for design discharge.

2. For subcritical flow conditions (culvert set on mild or horizontal slope), use
Figure 6.18 or Figure 6.19 to obtain YolO, then obtain Vo by dividing Q by the
wetted area associated with Yo. 0 is the height of a box culvert. If the culvert
is on a steep slope, Vo will be the normal velocity obtained by using the
Manning equation for appropriate slope, section, and discharge.

3. From site inspection and from field experience in the area, determine whether
or not channel proteCtion is required at the culvert outlet.

•

•
4.

5.

IT the channel protection is required, compute the Froude Number for brink
conditions (ye = (A/2)1/2 for non-rectangular culverts). Select dso/Ye ap
propriate for locally available riprap (usually the most satisfactory results will
be obtained if 0.25 < dso/Ye < 0.45). Obtain hs/ye from Figure 6.20, and check
to see that 2 <hsldso <4. Recycle computations ifhsldso falls out of this range.

Size basin as shown in Figure 6.17.

6. Design procedures where allowable dissipator exit velocity is specified:

» Determine the average normal flow depth in the natural channel for the
design discharge..

» Extend the length of the energy basin (if necessary) so that the width of
the energy basin (at Section A-A, Figure 6.17), times the average normal
flow depth in the natural channel is approximately equal to the design
discharge divided by the specified exit velocity.

7. In the exit region of the basin, the walls and apron of the basin should be
warped (or transitioned)so that the cross section of the basin at the exit
conforms to the cross section of the natural channel. Abrupt transition of
surfacesshouldbeavoided to minimizeseparation zones and resultant eddies. •
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Dimensionless Rating Curves for theOuUets of Rectangular Culverts on Horizontal and Mild Slopes
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8. If high tailwater is a possibility and erosion protection is necessary for the
downstream channel, the following design procedure is suggested:

Design a conventional basin for low tailwater conditions in accordance
with the instructions above. Estimate centerline velocity at a series of
downstream cross sections using the information shown in Figure 6.21.
Shape downstream channeland size riprap using guidelines presented in
Chapter 5 and the stream velocities obtained above.

Additional information regarding design of riprap basins for conduit qutlets may
be found in Hydraulic Design ofEnergy Dissipators for Culverts and Channels (FHWA,
HEC-14,1983).

6.4.3 Concrete Outlet Structures
This section provides hydraulic concepts and design criteria for an impact stilling
basin and adaptation of a baffled apron to conduit outlets. Initial design selection
should include at least the following aspects concerning conduit outlet structures.

1. High energy dissipation efficiency is required-hydraulic conditions exceed
the limits for alternate designs (such as riprap outlet protection).

2. Low tailwater control is anticipated. For example, at outfalls to deten
tion/retention facilities that are empty or have low water levels.

o. '- 1"- "v
0 -l::- i"-,
" "

0""",, I\.. I'
~~5" "- ~ Rectangular Orifice into an infinite Basin
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FIgure 6.21
Distribution of Centerline Velocity for Flow from SUbmerged OuUets

(To be used for predicting channel velocities downstream from culvert oudets where high tallwater prevails.)
(Simons, elal, 1970; and FHWA, HEe-14, 1983)
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3. Use of concrete is more economical due to structure size or local availability
of materials.

4. Site conditions direct the use of an outlet structure such as public use areas
where plunge pools and standing water are unacceptable or locations with
severe space limitations.

6.4.3.1 Impact Stilling Basin: Design standards are based on the USBR Type VI
Basin, commonly referred to as an impact dissipator or conduit outlet stilling basin.
The Type VI Basin is a relatively small structure which produces highly efficient
energy dissipation characteristics without tailwater control. The original hydraulic
design reference is Hydraulic Design of Stilling Basins for Pipe or Channel Outlets
(Peterka 1984). Additional structural details are provided in Design of Small Canal
Structures (USBR 1974).

Thestructure is designed to operate continuouslyat the designflow rate. Maximum
entrance conditions are up to 50 feet per second velocity and Froude number less
than9.0. Conditions exceeding this criteria wouldbe extremely rare in typical urban
drainage applications. As a result, the use of this outlet basin is limited only by
structural and economic considerations.

Energy dissipation is accomplished through momentum transfer as flow entering the
basin impacts a large overhanging baffle. At high flow, further dissipation is produced
as water builds up behind the baffle to form a highly turbulent backwater zone. Flow
is then re-directed under the baffle to the open basin and out to the receiVing channeL
A sill at the basin end reduces exit velocities by breaking up the flow across the basin
floor and improves the stilling action at low to moderate flow rates. A notch is
recommended in end sills to provide for low flow drainage.

The generalized design configuration (Figure 6.22) consists of an open concrete box
attached directly to the conduit outlet. The side walls are high enough to contain
most of the splashing during high flows and slope down to form a transition to the
receiving channeL The inletpipe is vertically aligned with an overhangingL-shaped
baffle such that the pipe invert is not lower than the bottom of the baffle. The end
sill height is equal to the height under the baffle to produce tailwater in the basin.
Thealternate and transition (at45 degrees) is recommended for grass linedchannels
to reduce the overall scour potential just downstream of the sill.

The standard USBR design has been modified for urban applications to allow
drainage of the basin bottom during dry periods. The impact basin can also be
adapted to multiple pipe installations. These modifications are discussed following
the basic criteria. It should be noted that modifications to the design may affect the
hydraulic performance of the structure. Model testing is advised for significant
changes to the design.

General Hydraulic Design Procedure for Stilling Basins (see Figure 6.22):

1. Determine the design pipe flow rate.Q and the effective flow area A at the
outlet. For partial flow conditions, refer to the partial flow diagram in Section

•

•

•
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Conduit Outlet Structures

6.8. Using the relationship ~ =AV, detennine the flow velocity V at the pW~
outlet. Assume depth D =A .5 and compute the Froude Number =V/ (gD) ..

2. The entrance pipe should be turned horizontal at least one pipe diameter
equivalent length upstream from the outlet. For pipe slopes greater than 15
degrees, the horizontal length should be a minimum of two pipe diameters.

3. Do not use this type of outlet energy dissipator when exit velocities exceed 50
feet per second or Froude Numbers exceed 9.0. These conditions would be
extreme and mustbeconsidered as special cases. Perfonnanceis achieved with
a tailwater depth equal to half full flow level in the pipe outlet. .

4. Detennine the basin width (W) by entering the appropriate Froude Number
and effective flow depth on Figure 6.23. The remaining dimensions are propor
tional to the basin width according to the legend in Figure 6.22. Note that the
baffle thickness, t, is a suggested minimum. It is not a hydraulic parameterand
is not a substitute for structural analysis.

The basin width should notbe increased since the basin is inherentlyoversized
for less than design flows. Larger basins become less effective as the inflow can
pass under the baffle.

5. Structure wall thickness, steel reinforcement, and anchor walls (underneath
the floor) should be designed using accepted structural engineering methods.
Hydraulic forces on the overhanging baffle may be approximated by deter
mination of the jet momentum force:

•

•
Fm = pVQ = 1.94 VQ (6.14)

6·52

6. Riprap with a minimum D50 of 18 inches should be provided in the receiving
channel from the end sill to a minimum distance equal to the basin width. The
depth of rock should be equal to the sill height or at least 2.5 feet. Rock may be
buried below finished grades and the area vegetated as desired to match the site.

7. The alternate end sill and wingwall shown in Figure 6.22 is recommended for
all grass lined channels to reduce the scour potential below the sill wall.

Low Flow Modifications: The standard design will retain a standing pool of water
in the basin bottom which is generally undesirable from a safety and maintenance
standpoint. This situation should be alleviated where practical by matching the
receiving channel low flow depth to the basin depth, see Figure 6.24.

A low flow gap is extended through thebasin end sill wall. The gap in thesill should
be as narrow as possible t,o minimize effects on the sill hydraulics. This implies that
a narrow and deeper (l.S to 2-fooO low flow channel will work better than a wider
gap section. The low flow width should not exceed 60 percent of the pipe diameter
to prevent the jet from short-circuiting through the cleanout notches.

Low flow modifications have not been fully tested to date. Caution is advised to
avoidcompromising the overallhydraulicperformanceof thestructure. Otherideas

September 1, 1992
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•

"W" is the inside width of the basin.
II 0" represents the depth of flow entering the basin and is the

square root of the flow area at the conduit outlet.
II V" is the velocity of the incoming flow.
The tailwater depth is uncontrolled.

•
Figure 6.23

Design Width of the USBR Type VI Basin
(Adapted from: Peterka 1984)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::;;:::;;;;;;::;;::;;:;:;;;;;;;:;:;::::;::::::;:::::;:::;::;;:;:;;;;;;;;;:;;:;;;;;;:::::::::;:;:;::;:;;;;:;;;;;;;;;:;;:::;::::;:;:::;;;:::;:::;;::;;;;::;:;::::;::::;::;:;;;;;;::;;;::::;:::;;;;;;;:;;;;;;:;;;;;:;;;;:::::::::::;:;:;;::;;;;;;;;$:,;;:::::;:1;;;:;:;;:::::::::;;;:::;$::::::::::::::::::::::::::::::::::::::;,::;:,:;::;;;::::$::::::::$::::::$:::::::::'::::::6=53

September 1, 1992



•
,,--- SET BACK SILL

~~==~;1 SECTION TO ALLOW
LOWER TRICKLE BASIN DRAINAGE

HANNELINVERT
TO BASIN FLOOR

END SILL-LOW FLOW
MODIFICATIONS

SECTION
BASIN FLOOR - LOW FLOW MODIFICATIONS

Conduit Outlet Structures

END VIEW
BAFFLE NOTCHES •

ALWAYS ALIGN CLEANOUT
NOTCHES IN BAFFLE AWAY
FROM THE PROJECTED PIPE
AREA.

~- PROJECTED PIPE
AREA IMPACTS
BAFFLE SURFACE

\
I

I

/

--/ "I
I
\
\
"

FOR TWO PIPES OF
EQUAL SIZE AND
SIMILAR FLOW RATE

W1 =1.5W

WFROM FIGURE 6.22
BASED ON THE HIGHER
FLOW OF 0, OR 02.

Figure 6.24
Modifications to ImpactStilling Basin
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Figure 6.25
Baffle Chute at Conduit OuUet

(Adapted from: Peterka 1984)
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Figure 6.26
Channel Transition Types

(Adapted from: FHWA, HEC-14, 1983)
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Acceleration chutes are potentially hazardous if inadequately planned and
designed (see USBR 1974; Peterka 1984; andSCS 1976). High velocity flow can wash
out channels and structures downstream in short order, resulting in property
damage and uncontrolled flow.

The references cited above address acceleration chutes in greater detail than can be
discussed in this manual. Refer to these publications for adetailed analysis.

Chutes have four component parts:

» Inlet

» Vertical Curve Section

}} Concrete, Steeply Sloped Channel

}} Outlet

Several types of inlets can be incorporated depending on the physical conditions
and the type of control desired, particularly when using chute spillways for off
stream detention facilities. The types of inlets to be considered are:

}) Straight Inlet.

}) Box Inlet

» Side-Channel Inlet

» Culvert Inlet

» Drop Inlet

Normally, the flow must remain at supercritical through the length ofthe chuteand
into the channel or conduit downstream. Care must be exercised in the design to
insure against an unwanted hydraulic jump in the downstream channel or conduit.
The analysis must include computation of the energy gradient through the chute
and in the downstream channel or conduit.

6.5.2.2 Bends: Structures are generally unnecessary in subcritical flow channels
unless the bend is of small radius. Structures for supercritical flows are complex
and require careful hydraulic design to control the flow.

Bends are normally not used in supercritical flow channels because of the costs
involved and the hazards introduced. It is possible to utilize banking, easement
curves, anddiagonalsi1ls (Knapp 1951). Sometimes outside bankrolloverstructures
might even be considered. All of these, however, are generally out of place in urban
drainage wo; •. :s. Additionaldesign guidelines for openchannelbends maybefound
in Hydraulic Design ofFlood Control Channels (Corps of Engineers 1991).

When a bend is necessary, and it is not practical to first take the flow into subcritical
flow, the designer will generally conclude that the channel should be placed in the
closed conduit for the entire reach of the bend, and downstream far enough to
eliminate the main oscillations. A model test is usually required on suchstmctures.
Furthermore, the forces exerted on the structure are large and must be analyzed.
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Safety

The forces involved with hydraulic structures are large, and their analyses are often
complex. The forces created can cause substantial damage if provisions are not
made for their control. In bends, forces are usually larger than what is intuitively
assumed. The momentum equation permits solution for the force acting upon the
flow boundary at a bend.

•
F = Milv (6.15)

where ilv represents the change in direction and/or magnitude of the velocity
through the section bend.

The force due to pressure on the bend should also becalculated when conduits flow
under pressure.

(6.16)

where &> represents the pressure change caused by the difference in the squares of
the velocities through the bend. The total exerted force on the bend by the water,
the total ofmomentumand pressure forces, mustbecounteractedbyexternalforces.
Allowable soil bearing should be determined using soil tests if necessary. Forces
which cannot be handled by conduit bearing on the soil must be compensated for
byadditional thrust blocks or other structures.

_Safety

• :!~:~~~ctures constructed in MarkoW County will usually be subjecllo

Designs for hydraulic structures must address the issue of safety. First, signage
must be provided to identify the potential hazard of flooding or dangerous flow
measures to the public. Second, appropriate measures must be designed to keep
the public away from hazardous locations. For example, vertical drop structures
should not exceed 3 feet in height, and adequate fencing or railings must be
provided along all other walls, such as wing walls or training walls.

Additional considerations for safety are discussed in Chapter 4.

•

•
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II Operation, Maintenance and Aesthetic Considerations

·111~1~1' Operation and Maintenance
Hydraulic structures should be designed so they can be maintained. As with other
drainage facilities, maintenance operations will consist of scheduled and un
scheduled operations. Scheduled operations include mowing, debris removal, graf
fiti removal, and rockreplacement. Unscheduled operations are those which follow
a storm event and include debris removal, rock replacement, erosion repair, fence
or railing repair and other activities for which the frequency and scope cannot be
predicted. Some maintenance considerations appropriate for hydraulic structures
are presented below. Access to key areas (i.e. crest area, stilling basin area) for
maintenance equipment and personnel is the primary consideration common to all
structure types.

» A 4:1 slope is recommended as a minimum for mowing equipment on
landscaped or grass bank and transition slopes. The local jurisdictional agency
should beconsulted regarding specialcircumstances for specificsiteconstraints
where a steeper slope may be necessary.

» Transition areas upstream and downstream of the structures should be
designed to drain completely. This applies particularly to stilling basins.

» Selection and placement of rock for a stilling basin or upstream of a drop crest
should considera size rangenot easilydisplaced byflowas wellas one not easily
moved by vandalism. Groutedboulders are a suitable alternative.

» Open channels are recommended in lieu of pipes for conveyance of low flows
through the drop structurearea. Pipes may plug orfrequently overtop,leading
to additional maintenance problems. Pipes shouldbe no smaller than 24 inches
in diameter.

» Riprap should be provided at likely scour areas that are relatively expensive to
access and repair later.

6.7.2 Structure Aesthetics

6.7.2.1 General: Aesthetics, safety, recreation, and overall integration with near
by land uses areimportant aspects in the design ofhydraulic structures. Thedesign
and planning, construction, and maintenance of hydraulic structures and natural
drainageways .in an urban setting all offer opportunities for promoting aesthetic
design and habitat features. Maximizing functional uses while improving visual
quality requires good planning from the onset of the project, and the coordinated
efforts of the owner/client, engineer, landscape architect, and planner.

The significance of providing an aesthetic and visually appealing project depends
on the number, type, and frequency of viewer; the viewing angle; project location;
and the overall environment of the project area. Aesthetic considerations are site
and project specific.
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II Design Aids

I!II~IIIIII Hydraulic Jump
With the exception of the baffle chute drop, all of the drop structures described
herein use the formation of a hydraulic jump to dissipate energy. A discussion of
this hydraulic phenomenon is presented as follows.

A hydraulic jump occurs when flow changes rapidly from low stage supercritical
flow to high stage subcritical flow. Hydraulic jumps can occur: 1) when the slope
of a channel abruptly changes from steep to mild; 2) at sudden expansions or
contractions in the channel section; 3) at locations where a barrier, such as a culvert
or bridge, occurs in a channel of steep slope; 4) at the downstream side of dip
crossings or culverts; and 5) where channel of steep slope discharges into other
channels.

Hydraulic jumps are useful in dissipating energy, and consequently they are often
used at drainageway outlet structures and drop structures as an efficient way to
minimize the erosive potential of floodwaters. However, because of the high
turbulence associated with hydraulic jumps, they must be contained within a
well-protectedarea. Completecomputationsmustbemade to determine the height,
length and other characteristics of the jump (including consideration of a range of
flows) in order to adequately size the containment area.

The type of hydraulic jump that forms, and the amount of energy that it dissipates,
isdependentupon theupstreamFroude Number (F). Thevarious types ofhydraulic
jumps that can occur are listed in Table 6.4.

6.8.1.1 Jump Height: The depth of flow immediatelydownstream ofa hydraulic
jump is referred to as the sequent depth. The sequent depth in rectangular channels
can be computed by use of the following equation:

(6.17)

•

The solution for sequent depth in trapezoidal channels can be obtained from a
trial-and-error solution of Equation 6.18, which is derived from momentum equa
tions. It is also acceptable, for design purposes, to determine the sequent depth in

Table 6.4
Types of Hydraulic Jumps

Upstream Froude Number Type of Jump Energy Loss, %

1 < F < 1.7 Undular Jump 0.5
1.7 < F < 2.5 Weak Jumo 5 to 18
2.5 < F < 4.5 Oscillatina Jumo 18 to 44
4.5 < F < 9 SteadvJumo 44 to 70

9 < F Strono Jumo 70 to 85
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trapezoidal channels from Equation 6.17. Equation 6.17 is much simpler to solve
and produces only slightly greater values for sequent depth than does Equation
6.18. •

ZYlu 3 bYlu Z Q
--+--+-

3 2 gAl

ZYZD 3 bYw Z Q
= + +-

3 2· gAz

(6.18)

Figures6.27and 6.28 provide graphs ofhydraulic jumpsfor a horizontal rectangular
channel and a horizontal trapezoidal channel, respectively.

Jump Length: The length of a hydraulic jump is defined as the distance from the
front face of the jump to a point immediatelydownstream of the roller. Jump length
can be determined from Figures 6.29 and 6.30.

6.8.1.2 Surface Profile:· The surface profile ofa hydraulic jump may be needed to
design the profile of extra bank protection, or training walls for containment of the
jump. The surface profile can be determined from Figure 6.31.

6.8.1.3 Jump Location: In most cases, a hydraulic jump will occur at the location
in a channel where the initial and sequent depths and initial Froude number satisfy
Equation 6.17. This location can be found by performing direct-step calculations in
either direction toward the suspected jump location, until the terms of the equation
are satisfied. Specific force analysis can then be used by employing Equation 6.1
(Section 6.3.2.3) to establish where a jump will occur. The hydraulic jump will begin
to form wherethe unit specific force of the downstream tailwater is greater than the
force of the supercritical approach flow.

6.8.1.4 Undular Jump: An undular hydraulic jump is the type of jump which
pccurs where the upstream Froude number is between1.0and 1.7. This type ofjump
is characterized by a series of undular waves which form on the downstream side
of the jump. Experiments have shown that the first wave of an undularjump is
higher than the height given by Equation 6.17. Therefore, the height of this wave
should be determined as follows:

•

(6.19)

where all terms are as previously described.

6.8.2 Design Charts and Figures
Table 6.5 (page 6-70) has been included as an additional aid to the user of this
manual.

September 1, 1992

•



•
Hydraulic

Structures

••

" r\~r\"
\.,
~

~
r\'"~I\r\

\.r\
[\,

\
Ill.\

~" ,
r\~

r\
~

r\"'"
~"'"

~
I'..

0
0

0
0

0
0

2
~

i
i

2
0

~
~

!!
~

!:!
!:!

•
LY
,

Figure
6.29

Length
ofa

Hydraulic
Jum

p
forRectangularCl1annels

(Sim
ons,Liand

Associates,Inc.1989)

Septem
ber1,1992

NN

>I~It

•N



Design Aids

•

•

10010

I

t: J!..
zy

z:SIDE SLOPE

t :4,z : 2

TRAPEZOIDAL V II
I J

t: a,z: I

II
t: 16,1: 1/2

I

I I I/"

/ 1//
1/11/ II

I II V

IIV V PARABOL.IC

/

}Ijj'/ ~~

~
~

~

" TRIANGULAR,I ,
/

/ /
~

/'
, 00 NOT EXTRAPOLATE

I
0.1

5

10

50

100

500

,1000

..J

->.....

Figure 6.30 .
Length of aHydraulic Jump for Non-Rectangular Channels

(Simons, Li and Associates, Inc, 1989) •
September 1, 1992



•
HydraulicStructures

r"-
I
-
-
-

N
_

I
'

>
-.

~
-

L:~--l
~

I
~~

\
~

I
i'~

cD
~

\
I

~
\,\

~

\\
r

~
\
>
-
I

~~

x
~',

I
f'.i'

~
1

~
\

~
Ii)

~
~

l'..l
f'.

~
~

~

-
>

;~
~

"
..c

~~
'<t'

"-X

•
'

~~
~

I")

\
~
~

-;K
;~
~

N

I/!./~K! ~
~

/
~

(
(

(
(

(
""
~
~

co
N

O
l

I")
I")

~
O

l
O

l
o

l.{)
<.0

.
.

.
~

N
.q-

l.{)
co

~
~
~

.--
II

1\
1\

II
1\

~
..-

..-
..-

..-
....

l.L..
l.L..

l.L..
l.L..

l.L..

-.........;~
0

0
O

l
co

r"-
<.0

l.{)
~

I")
N

~

0
0

0
0

0
0

0
0

0
0

>-IL:~

•
Figure

6.31
Surface

Profile
ofa

HydraulicJum
p

(Sim
ons,Liand

Associates,Inc.1989)

Septem
ber1,1992

6-69





•

•

•

Hydraulic Structures

II DesignExamples

IIII~I~I~I Open Channel Drop Structures
Design Example for Vertical Drop with Riprap Basin (Stevens 1981)
A rock riprap vertical drop structure is to be used to drop the flow in the drainage
channel a vertical distance of 4 ft. See Figure 6.12.

Approach Conditions: The approach channel is trapezoidal in cross-s~onwith:

» bed width is Bo =10 ft

» side slopes are 2 horizontal to 1 vertical

» design discharge is Q =360 cfs

~~ the depth of flow is Yo =4.00 ft

» the average velocity is V0 = 5.00 fps

» the specific energy in the approach channel is

2Eo = Yo +Vo /2g = 4.00 +0.39 = 4.39 ft

Weir Crest: Make the length of the weir B = 10 ft.

The head on the weir required to pass the design flow is as follows:

H = [Q / (5.67B)]0.67

H = [360/(5.67 x 10)]°·67 = 3.43 ft

The height of the weir crest is:

P = 4.39 - 3.43 = 0.96 ft

If drawdown can be tolerated in the approach channel, the weir crest should be
placed at the bed level of the approach channel; that is P =O. Ifnot, make P= 1.0 ft.
Here use P = 1.0 ft.

The height of the wingwalls is:

h = H = 35ft

Basin: The problem is to find the drop height D and rock size dm such that z is 4.0
ft. The depth of flow leaving the basin is:

Y2 =Yo = 4.0 ft
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Table 6.6
Calculations of Basin Dimensions

Resulting d2,
D,ft dso, ft HID Trial d2, ft d2/D dsiD ds, ft 0.67 ds, ft ft

6.0 1.0 0.57 5.0 0.83 0.46 2.76 1.85 5.85
6.0 1.00 0.30 1.80 1.21 5.21
5.5 0.92 0.38 2.28 1.53 5.53 ok

z = 6.0 - 1.0 - 1.5 = 3.5 ft ~ 4.0 ft
8.0 1.3 0.43 7.0 0.88 0.18 1.44 0.96 4.96

6.0 0.75 0.25 2.00 1.33 - 5.33
5.5 0.69 0.28 2.24 1.49 5.49 ok

z = 8.0 -1.0 - 1.5 = 5.5 ft ~ 4.0 ft
6.5 1.1 0.53 6.0 0.92 0.28 1.82 1.21 - 5.21

5.5 0.85 0.33 2.15 1.44 5.44 ok
z = 6.5 - 1.0 -1.4 = 4.1 .. 4.0ft

6

• 5

~
~..
N

~
4

0

Q,l

Trial 1='-~::::-
3

9876

Value of D. ft

5

Figure 6.32
Solution for Vertical Drop with Rlprap Basin Design Example

2L----------.L-------------'
4
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, A gravel filter is necessary between the soil on the bottom of the plunge pool and
on the cut slopes and the riprap. Usually 6 inches of well-graded pit-run gravel
(minus 3 inches) is all that is required for a filter if the riprap is well graded.

6.9.2 Conduit Outlet Protection
Design Examples for Riprap Basins (FHWA, HEC-14, 1983)

6.9.2.1 Design Example 1

Given: 8 ft by 6 ft box culvert '3
Q=800ds , _. /.,' r \,~" -, -, '7-1
supercritical flow in culvert' .' \ ,: iQ

''vi./ normal flow depth = brinkdepth----+
, J"

\J)~~:::----~~~a~erdepth (TW) = 2.8 ft

Find: Riprap basin dimensions for these conditions.

•

2< hs/dso <4

Solution:

1. Yo = Ye for rectangular section, Ye ~ 4 ft

2. Vo = QIA = 800/(4)(8) = 25 fps

3. F = Vol [(32.2)(Ye)]0.s = 25/[(32.2)(4)]°.5 = 2.20

4. TWlYe = 2~814.0 = 0.7; TWlYe < 0.75

5. Try dSO/Ye = 0.45, dso = (0.45)(4) = 1.80 ft

From Figure 6.20, hs/Ye = 1.6

hs = (4)(1.6) = 6.4 ft
hsldso = 6.4/1.8 = 3.6 ft

6. From Figure 6.17:

Ls = (lO)(6.4) = 64 ft
Ls min = (3)(W0) = (3)(8) = ~ft, use Ls = 64 ft
LB = (15)(6.4) = 96 ft
LB min = (4)(Wo) = (4)(8) = 32 £t, use LB = 96 ft

OK

OK

•

Other b~in dimensions designed in accordance with details are shown in Figure
6.17 (page 6-45).

•
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6.9.2.2 Design Example 2

Given: 8 ft by6 ft box culvert
Q= 800ds
supercritical flow in culvert
normal flow depth = brink depth
Yo =4 ft ()
Tailwater depth (TW) = 4.2 ft <...4'v.o.

~~~~~~:~~:~~~:;;!~~~~;:~£-~;~-~2~-Gv1 KJ~_,
Find: Riprap basin dimensions for these conditions. J~~~?(','- c~_''-::;:' 4/~,',w-kn--;,

~t:J..r~"-,,,..JCYot...,t.J-Y'~...e.._~pl'/ ~

Solution:

Note: High tailwater depth, TWIyo = 1.05> 0.75.

1. Design riprap basin using steps 1 through 6 of Design Example 1.

dso = 1.8 ft; hs = 6.4 ft; Ls = 64 ft; LB = 96 ft

•

•

2. Design riprap for downstream channel. Use Figure 6.21 to estimate the
average velocity along the channeLCompute the equivalent circular
@meter, D~ for the brink area, A, f!om:

A = 3.14De2/4 = 2Yo2
2W 0 = (4) (8) = 32 ft

De = (32(4) /3.14)°.5 = MiL

V0 = 25 fps (Design Example 1)

L VLNo
UDe (compute) (Figure 6.21) VL

10 64 0.59 14.7
15 96 0.36 9.0
20 128 0.30 7.5
21 135 0.28 7.0

The channel should be lined with the same size rock used for the basin.
Protection must extend at least 135 feet downstream from the culvert
brink.
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6.9.2.3 Design Example 3

Given:' 6 feet diameter cmp
Q= 135cfs
So= 0.004
Mannings n = 0.024
Normal depth in pipe for Q = 135 cfs is 4.5 feet
Normal velocity is 5.9 fps
Flow is subcritical
Tailwater depth (TW) is 2.0 ft

Find: Riprap basin dimensions for these conditions.

Solution:

•

A- 034-'302.- -

[0.343 is from Table 6.5]

l2.
3.

4.

Determine Yo and V0:

Q/D2.5 = 135/(6)2.5 = 1.53

TW/D = 2.0/6 = 0.33

From Figure 6.19, Yo/D = 0.45

Yo = (0.45)(6) = 2.7 ft

TW/Yo = 2.0/2.70 = 0.74, TW/Yo <0.75

Brink Area (A) for yo/D = 0.45 is:

A = (0.343)~ = 12.3 ft2
'Vj)'Y

Vo = Q/A = 135/12.3 = '11.0 fps

Ye = (A/2)0.5 = (12.3/2)°·5 = 2.48 ft

F = Vo/[(32.2)(Ye)]0.5 = 11/[(32.2)(2.48)]°·5 = 1.23

Try dso/Ye = 0.25, dso = (0.25)(2.48)_= 0.62 ft

From Figure 6.20, hs/Ye = 0.75, hs = (0.75)(2.48) =

check: hs/dso = 1.86/0.62 = 3, 2 < hs/dso < 4

1.86 ft

OK

OK

•

5. Ls = (10)(hS> = (10)(1.86) = 18.6 ft
or

- Ls = (3)(W0) = (3)(6) = 18 ft, Use Ls = 18.6 ft

LB = (15)(hs) = (15)(1.86) = 27.9 ft
or

LB = (4)(W0) = (4)(6) = 24 ft, Use LB = 27.9 ft

dso = 0.62 ft, Use dsO = 8 inches

Other basin dimensions designed in accordance with details are shown on Figure
6.17 (page 6-45). •
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!:![:I:::!ii!lliliilif:!i:111 This chapter presents an overview of the hydraulic analyses for bridge crossings
:;:;:;:;:::::;:::;:::;:;:;:;:::: overopenchannels. A general discussion ofscour is also presented. Comprehensive

guidelines and criteria for hydraulic analyses of bridge crossings are beyond th¢
scope of this manual. The reader should refer to appropriate texts and technical
handbooks for further information on this subject.

l:i.I·II:lill·I.I'II..:.11 The following symbols are used in equations throughout Chapter 7:

(Xl = Kinetic energy coefficient =!(qv2)/QVl2

(X2 = Kinetic energy coefficient to correct for non-uniform

velocity distribution under the bridge =!(qv2)/ QV2n2

Al = Total water area at Section 1, including that produced
by the backwater, ft2

A4 = Water area at Section 4, where normal stage is reestablished, ft2

An2 = Gross water area in constriction measured below
normal stage, ft2

Ap = Water area occupied by piers, ft2
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g =
hI" =
K" -
Kb' =
.M< =
M<e. =
.M<p =
M<s =
M =
C1 =
q =
Q =
v -.
VI =
Vn2 =

Design Approach

Acceleration due to gravity, 32.2 ft/sec2

Total backwater depth, ft
Total backwater coefficient
Backwater coefficient from base curve
Incremental backwater coefficient
Incremental backwater coefficient for eccentricty
Incremental backwater coefficient for piers
Incremental backwater coefficient for skewed crossing
Bridge opening ratio
Correction factor, for M < 1
Discharge in the same subsection, ds
Total discharge in river, ds
Average velocity in a subsection, fps
Average velocity in river at Section 1 = Q/AI, fps
Average velocity in constriction = Q/An2J fps

.1: Design Approach

!ilill!!IIII!llilll~!I! The method of planning for bridge openings must include water surface profile
':':;':'::":':":::$':':' analyses of the channel for the major storm runoff and other design frequencies as

may be appropriate. Once the water surface profiles have been calculated, the
maximum reasonable effect on the channel flow by the bridge should be deter
mined.

7.3.1 Hydraulic Analysis
The hydraulic analyses of pre- and post-bridge conditions can be performed using
a computerized step-backwater model. The HEC-2 program developed by the U.S.
Army Corps ofEngineers (COE, Water Surface Profiles, Users Manual, 1990) is the
most common backwater computation software and is used nationwide. Cross
sections for the model must be taken 1) at a sufficient distance downstream of the
bridge so that the bridge has no effect upon flow characteristics; 2) immediately
downstream of the bridge opening; 3) immediatelyupstream of thebridge opening;
and 4). a sufficient distance upstream of the bridge opening. to evaluate the
structure's effect upon flow characteristics.

Choosecoefficients carefullyfor calculation of losses for expansion, contractionand
interme4iatepiers thatareappropriatefor thebridgestructureunderconsideration.
The HEC-2 bridge routines require meticulous input preparation for proper com
puter analysis. Care should be taken to review input data and to examine results
thoroughly for reasonableness.

An analytical methodology for hydraulic analysis of bridge crossings is that
described in Hydraulics of Bridge Waterways (FHWA, HDS-l, 1978b) and
paraphrased below. Figure 7.1 illustrates a bridge crossing normal to a stream with

•

•

•
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wingwall abutments and embankment approaches that encroach into the
floodplain. For detailed information, refer to the FHWA document cited above.

Another widely-used computer program is WSPRO (Bridge Waterways Analysis
Model HY-7, FHWA) which incorporates the procedures of the HD5-1. A useful
publication to accompany WSPRO is Bridge Waterways Analysis Model Research
Report (FHWA 1986).

7.3.1.1 Effect of Backwater: A practical expression for backwater has been for
mulated by applying the principle of conservation of energy between the point of
maximum backwater upstream from the bridge, (see Figure 7.1A, Section 1); and, a
point downstream from the bridge at which normal stage has been reestablished,
(Section 4 of Figure 7.1A). The equation is reasonably valid if the channel in the
vicinity of the bridge is reasonably uniform, the gradient of the bottom is ap- .
proximately constant between Sections 1 and 4, there is no appreciable erosion of
the bed in the constriction due to scour, and the flow is subcritical.

The equation for computation ofbackwaterupstreamfrom a bridgeconstricting the
flow is as follows:

(7.1)

To compute backwater by Equation 7.1 it is necessary to obtain the approximate
value of ht'" by usingthe first part of the equation:

~v
~~' (.fJ * * 2 (7 2)

~':i ~~(jp ht = K (X2 (Vn2/ 2g) .

.~~~~ where all terms are as defined in Section 7.2. .

!J,~'t! The value of At in the second part of Equation 7.1, which depends on ht", can then
. be determined and the second term of the expression evaluated:

•

•
[

2 fl 2
(Xt (An2/ A4> -(An2/ At) JVn2/ 2g) (7.3)

This part of the equation represents the difference in kinetic energy between

Sections 4and 1, expressed interms of the velodty head V~/2g.Equation 7.1 may
appear cumbersome, but it was set up as shown to permit omission of the second
part when the difference inkinetic energy between Sections 4and 1is small enough
to be insignificant in the final result. To permit the designer to readily recognize
cases in which the kinetic energy term may be ignored, the following guides are
provided:

\ G>0'7'\",,,- V02< 7 fps, and

-- K'" V~/2g< 0.5 it

•
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If values in the problem at hand meet all three conditions, the backwater obtained
from Equation 7.2 can be considered sufficiently accurate. Should one or more of
the values not meet the conditions set forth, it is advisable to use Equation 7.1 in its
entirety. The use of the guides is further demonstrated in the examples given in
Hydraulics of Bridge Waterways (FHWA 1978b).

The value of the total backwater coefficient K*, which has been determined ex
perimentally, varies with:

1. Stream constriction as measured by bridge opening ratio M;

2 Type of bridge abutment-wingwall, spill through, etc.;

3. Number, size, shape, and orientation of piers in the constriction;

4. Eccentricity, or asymmetric position of bridge within the floodplains; and

5. Skew (bridge crosses floodplain at other than 90 degree angle).

The total backwater coefficient K* consists of a base curve coefficient Kb, to which·
is added incremental coefficients to account for the effect of piers, eccentricity, and
skew. The value of K* is primarily dependent on the degree of constriction of the
flow but also changes to a limited degree with the other factors.

7.3.1.2 Effect of M and Abutinent Shape (Base Curves): Figure 7.2 shows the
base curve for backwater coefficient, Kb, plotted with respect to the opening ratio,
M, for severalwingwallabutmentsanda verticalwall type. Notehowthecoefficient
Kb increaseswithchannelconstriction. Theseveralcurves representdifferentangles
of wingwall as can be identified by the accompanying sketches; the lower curves,
represent the better hydraulic shapes.

Figure 7.3 shows the relation between the backwater coefficient Kb and M, for splll
through abutments, for three embankmentslopes. Acomparison ofthe threecurves
indicates that the coefficient is little affected by embankment slope. Figure 7.3 and
Figure 7.3 will be designated "base curves" and 1<b will be referred to as the "base
curve coefficient." Thebasecurvecoefficients apply to normal crossings for specific
abutment shapes, but do not include the effect of piers, eccentricity, or skew.

7.3.1.3 Effect of Piers (Normal Crossings): The effect produced on the back
water by introduction of piers in a bridge constriction has been treated as an
incremental backwater coefficient designated LlKp. LlKp is added to the base curve
c~efficientwhen piers are a factor. The value of LSKp is dependent on the ratio that
the area of the piers bears to the gross area of the bridge opening, the type of piers
(or piling in the case of pile bents), the value of the bridge opening ratio M, and the
angularity of the piers with the direction of flood flow. The ratio of the water area
occupied by piers (Ap) to the gross water area of the constriction (Aza}-bothbeing
based on the normal water surface-has been assigned the letter J:

•

• J= Ap /An2 (7.4)
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8. Compute bridge opening ratio, M, observing modified procedure for skewed
bridge crossings.

9. Obtain value of Kb from appropriate base curve.

10. If piers are involved, compute value of J and obtain incremental coefficient
MCp.

11. If eccentricity is severe, compute value of eccentricity and obtain incremental
coefficient, M<e.

12. If a skewed crossing is involved, observe proper procedure in previous steps,
then obtain incremental coefficient, M<s, for proper abutment type.

13. Determine totalbackwater coefficient K"'by adding incrementalcoefficients to
base curve coefficient Kb.

14. Compute backwater by Equation 7.1.

15. Determine distance upstream to where the backwater effect is negligible.

7.3.2 Other Hydraulic Design Considerations
Additional factors to be considered in the design of a bridge crossing include flow
regime (Le., subcritical or supercritical flow), anticipated scour effects, and
freeboard.

7.3.2.1 Scour: To determine scour at bridges, refer to Predicting Scour at Bridge
Piers and Abutments (Laursen February 1980) and HEe No. 18, Evaluating Scour at
Bridges (FHWA 1991). Total scour at a bridge crossing consists of three components
which are generally cumulative, and a fourth,.lateral stream migration, which can
move the general bed grade horizontally to a new location. The first three com
ponents are:

Long Term Aggradation or Degradation: This is a variation to river bed elevation,
usually occurring over longperiods of time due to changes incontrols,suchas dams
and in-stream mining. Such variation can result in modification of sediment dis
charge and river geomorphology, such as a departure from a meandering to a
braidedstream. Thechanges may be natural or man-induced, butarefar moreoften
documented as the latter (FHWA 1978a).

Long term bed elevation changes (aggradation or degradation) may be the natural
tI:end of the stream or may be the result of some modification to the stream or
watershed condition. Factors that affect long term bed elevation changes are: dams
and reservoirs (upstream or downstream of the bridge), changes in watershed. land
use (urbanized, deforestation, etc.), channelization, cutoff of a meander bend
(naturalorman-made), changes in the downstreambaselevel (control) ofthebridge
reach, gravel mining from the stream bed, diversion of water into or out of the
stream, natural lowering of the totalsystem, movement ofa bend orbridge location
in reference to stream platform, and stream movement in relation to the bridge
crossing.
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General Scour: This type ofscour involves the removal ofmaterial from the bed and
banks across all or most of the width of a channel. The scour is caused by increased
velocities and shear stresses caused by the local area geometry and water surface
controls.

General scour results from the acceleration of the flow due to either a natural or
bridge contraction or both (contraction scour). General scour may also result from
the location of the bridge on the stream, suchas, its location with respect to a stream
bend or its location upstream from the confluence with another stream. In the latter
case, the elevation of the downstream water surface will affect the backwater on the
bridge, hence, the velocity and scour. General scour may occur during the passage
of a flood and the river may fill in as the flood recedes, thus it may not be directly
evident; whereas, degradation always results in an evident change that is largely
irreversible (unless the bed elevation is corrected).

General scour from a contraction usually occurs when the normal flow area of a
stream is decreased either by a natural constriction or by a bridge. The contraction
of the flow by the bridge can be caused by a decrease in flow area of the stream.
channel by the abutments projecting into the channel and/or the piers taking up a
large portion of the flow area. Also, the contraction can'be caused by approaches to

, , the bridge which cut off the overland flow that normally goes across the floodplain
during high flow. This latter case also can cause clear-water scour (defined further
under Local Scour) at the bridge section because overland flow normally does not
transport any significant bed material sediments. This clear-water picks up addi
tional sediment from the bed when it returns to the bridge crossing. In addition, if
floodwater returns to the stream channel at an abutment it increases the local scour
there. A guide bank at an abutment decreases the riskfrom scour of that abutment
from returning overbank flow. Also, reliefbridges in theapproaches reduce general
scour bydecreasing theamount offlow returning to the naturalchannel, which then
decreases the scour problem.

Armoring: Armoring occurs on a stream or in a scour hole when the forces of the
water during a particular flood are unable to move the larger sizes of the bed
material. This protects the underlying material from movement. Scour around an
abutment or pier may initially occur but as the scour hole deepens the coarsest bed
material may move down in the hole and protect the bed so that the full scour
potential is not reached.

Lateral Stream Migration: Inaddition to the above, lateralshiftingofthestreammay
,also erode the approach roadway to a bridge and change the angle of the flow in
the waterway at the bridge crossing, causing a change in the total scour.

Local Scour: This is the scour that occurs at a pier or abutment as the result of the
pier or abutment obstructing the flow. This type of scour only occurs on a small
portion of the channel width, where the obstructions to the flow cause local current
accelerations creating vortices that remove the material around them.

If the transport rate of sediment away from the local region is greater than the
transport rate into the region, a scour hole develops. As the depth of scour is

•

•

•
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increased, the strength of the vortex or vortices is reduced, the transport rate is
reduced and equilibrium is reestablished and scouring ceases.

Generally, local scour depths are much larger than the other two. But, if there are
major changes in stream conditions, such as a large dam built upstream or
downstream of the bridge or severe straightening of the stream, long term bed
elevation changes can be the larger element in the total scour.

Types of local scour are:

» Clear-water scour: Clear-water scour occurs when there is no movement of the
bed material of the stream upstream of the crossing but the acceleration of the
flow and vortices created by the piers or abutments causes the material at their
base to move.

» Live-bed scour: Live-bed scour occurs when the bed material upstream of the
crossing is also moving.

Table 7.1 presents a checklist of potential problems relating to channel move
ment/scour and the causative factors which should be examined (see also Tables
5.8, 5.9, and 5.10 (pages 5-49 through 5-51) for the Design Checklists).

7.3.2.2 Freeboard: Freeboard at a bridge is the vertical distance between the
design water surface elevation and the low-chord of the bridge. The bridge low
chord is the lowest portion of the bridge deck structure. The purpose Of freeboard
is to provide room for the passage of floating debris, to provide extra area for
conveyance in the event thatdebrisbuild-up on thepiers reduces hydrauliccapadty
of the bridge, and to provide a factor of safety against the occurrence of waves or
floods larger than the design flood.

The minimum freeboard-in feet-for new bridges designed for the 50-year peak
storm or greater is the velocity head (V2/2g) plus two feet, where V represents the
average velocity of flow in the channel approaching the bridge. For bridges
designed for less than the SO-year storm, the freeboard criteria in Section 5.3.3.3
applies.

In certain cases, site conditions or other circumstances may limit the amount of
freeboard at a particular bridge crossing. An example would be the replacement of
a "perched" bridge across a natural watercourse where major flows overtop the
roadway approaches. Ingeneral, variances to the minimum freeboard requirement
will be evaluated on a case by case basis by the jurisdictional agency.

A new bridge replacement will not be permitted to create a rise in the existing
flood water surface elevation, to cause an increase in lateral extent of the
floodplain, or to otherwise worsen existing flood conditions.
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Suvercritical Flow:
For the special condition of supercritical flow within a lined channel, a bridge
structure should not affect the flow at all. That is, there should be no projections,
piers, etc. in the channelarea. The bridge openingshouldclear and permit the flow
to pass unimpeded and unchanged in cross section.

Large Culvert Structures: When large culverts are used inlieu ofbridges, the design
approach often differs. For hydraulic analysis of culverts, refer to Chapter 4.
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II Introduction

1:lil!:I:!I:I!:IIIIIIIIIII:1111 As part ofa total system ofurban stormwater management, detention and retention
""":,:,:,,,,!-,:,:,:,:::::,:, facilities are man-madestorage measur,es intended to mitigate the negative impacts

of urbanization on storm drainage, which include:

» Increased peak flow rates.

» Loss of natural depression storage..

» Reduction of infiltration capacity in a drainage basin.

» Reduction of natural vegetation, which, in a natural state, reduces storm runoff
through the process of interception.

» Increased pollutant load in surface runoff.

This chapter presents the engineering methodologies and details associated with
the planning, analysis and design of detention and retention facilities within
Maricopa County, Arizona. The guidelines herein are intended to achieve the
following goals:

1. Design of detention/retention facilities that satisfy the ordinance provisions
of Maricopa County and/or the individual jurisdictional agencies within the
County with·regard to hydraulic function and maintainability;

2. Designofdetention/retentionfacilities thatareamenities,and, wherepossible,
incorporate multiple-use concepts; and

3. Design of facilities that will not jeopardize the quality of surface water or
groundwater resources.

8.1.1 Interaction with Other Components of a Drainage System
Detentionand retention facilities are components ofan overall stormwater manage
ment system that is also comprised of natural and man-made channels, storm
sewers, inlets, streets and other drainage structures. Their.purpose is to prOVide
temporary storage of the excess runoff from development areas and to control the
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increased peak rates of runoff. Proper planning and design of detention/retention
facilities must consider the interaction of storage with the other components of the
drainage system.

The greater the number of storage facilities in a system, the more complex is the
analysis of the interaction of the various outflows. Often the increased costs of
construction and maintenance of a large number of smaller storage facilities offset
any savings in reduced sizes of storm sewers downstream. Planning efforts should

.Jf be oriented toward minimizing the number of storage facilities in a drainage basin.

As part of the planning and design process, the engineer must verify that releases
from the detention/retention facility will not adversely impactdownstream condi
tions in terms of both manner and quantity of flow. Conditions such as peak flow,
velocity, flow concentration, prolongation of flow and quality of discharge are
factors to be considered.

8.1.2 Limitations on Use of DetentionIRetention Facilities

The requirement for a development to provide storage of excess runoff by deten
tion or retention facilities shall not be waived unless determined otherwise by the
jurisdictional agency on a case by case basis.

In general, storage facilities are to be located so they can intercept the flow hom
the entire development area. Ifportions of the area cannot drain to a single storage
facility, then additional facilities may be added to provide control of those areas
as approved by the appropriate jurisdictional agency. The objective is to provide
storage ofexcess runoff with a minimum number ofdetention/retention facilities
located at optimum points within a development area. Whenever possible, the
facilities shall be designed for multiple uses, such as parks or other recreational
facilities, to offset the cost of openspace and to encourageimproved maintenance.

¥" Residential developments shall have DQ single lot. storage and the design of
common facilities shall not assume any individual lot on-site storage, unless
approved by the jurisdictional agency. Developments with Homeowner's As
sociations shall locate their facilities in private drainage tracts or public sites
dedicated by the developer, in accordance with requirements determined by the
jurisdictional agency. The private facilities shall be maintained by the
Homeowner's Association. Public tracts shall be maintained by the jurisdictional
agency. Common storage facilities from single family developments without a
Homeowner's Association and with public streets shall have maintenance
provisions determined by the jurisdictional agency. The number and location of
storage facilities within a development is to be approved by the jurisdictional
agency. Dedication to the public may require the inclusion of recreational facilities
or other features deemed necessary by the jurisdictional agency.

Single lot, non-residential developments that are not served by a public storage
facility shall provide the required storage on the lot itself without depressing the
right-of-way area.

•

•
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8.1.2.1 Regional Detelltio~RetentionFacilities Regional detention/retention
facilities are large storage facilities located at strategic sites within a drainage basin
to provide control of excess runoff with an optimum (and minimum) number of
storage facilities to achieve the most cost-effective drainage system. Advantages of
this type of facility include the following:

~~ The siting and design of regional storage facilities are normally incorporated as
part of an overall drainage master plan. Thus, alternative siting combinations
and their respective hydraulic routing effects can be investigated. Storage
alternatives can be evaluated with other factors (i.e., conveyance system, land
and maintenance costs), to arrive at an optimal solution for the drainage basin.

» Operationandmaintenancecostsare reduced. Maintenanceof regional facilities
is typically the responsibility of the jurisdictional agency. The reduced cost of
operation and maintenance oftencan offset the increased cost of tributary storm
sewers which mustbe sized to carry higher peak rates of flow.

» Regional facilities are more effective and reliable because they are planned,
designed and maintained as part of a total drainage system. On-site facilities

. can be less reliable and less effective because they are constructed randomly as
a basindevelops and because maintenance efforts can vary. The result of on-site
facilities is a higher percentage of malfunction.

'Advance planning is the key element in the regional approach to stotmwater
detention/retention. The jurisdictional agencies within Maricopa County have
agreed that basin-wide master drainage planning is necessary for the development
of cost-effective systems for stormwater management. Planning for regional deten
tion/retention facilities for a drainage basin typically includes:

1. Development of an optimum drainage master plan for the basin; the jurisdic
tional agencies have agreed that master drainage planning efforts will con
tinue, in order to achieve efficient, cost-effective drainage systems and to
ensure that multiple use opportunities are preserved.

2. Multi-jurisdictional cooperation, because natural drainage basins do not
necessarily follow jurisdictiorial boundaries.

3. Participation by property owners, developers, engineers and the general
public.

4. A plan for implementation that incorporates construction phasing offacilities.

5. Establishing a framework for fair and equitable financing of capital and
maintenance costs.

II Design Criteria

Illilllli~IIIIIII~lllillll This section presents certain guidelines, procedures and criteria to be used in the
:.:.".:.:.;.:.:.:.:.:.;.:.:.:. analysis and design ofdetention and retention facilities. Where specific policiesand

criteria vary, the engineer should contact the specific jurisdiction in which he/she
is preparing a design.
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8.2.1 Criteria for DetentionlRetention Facilities
The following general criteria apply to the design of stormwater detention/reten
tion facilities..

8.2.1.1 Design Frequency

All detention/retention facilities incorporated within new developments shall be
designed to retain the peak flow and volume of runoff from the lOO-year, 2-hour
duration storm event. Stormwater detention facilities for watershed areas bigger
than 160acres shall be designed to ensure that, at a minimum, the post-develop
ment IOO-year, 2-hour duration peak discharge from the site will not exceed the
pre-development conditions (see Figure 8.1, lOO-year 2-hour Isopluvial Map).

In jurisdictions where multi-frequency control is required, the design shall be
prepared to regulate the peak discharge rates for one or more storm events in
addition to the lOO-year storm. Specific multi-frequency events shall be verified
with the appropriate jurisdiction.

8.2.1.2 Hydrology: Procedures and criteria for development of inflow
hydrographs for detention/retention facilities are described in the Drainage Design
Manual for Maricopa County, Volume I, Hydrology (Flood Control District 1992). Some
jurisdictional agencies have developed simplified equations for determining the
volume required for retention~ The engineer should verify the methodology for
calculation of the required storage volUIIie with the appropriate jurisdiction. Off
site flows may not be routed through a retention facility unless specifically ap
proved by the appropriate jurisdictional agency.

Fora typical stormwaterdetention facility, thereare three variables to beconsidered
in flood routing through the structure:

1. Inflow to the facility, which varies as a function of time;

2. Outflow from the facility, which varies as a function of time; and

3. Storage which is the result of the difference between the inflow and outtlow
for a period of time or time interval.

This is illustrated in Figure 8.2.

The outflow hydrograph from a proposed stormwater detention facility shall be
determined using the "Storage Indication" or "Modified PuIs" method of flood
routing. See Section 8.7 for a detailed description of this routing procedure. Other
similar hydrologic routing methods may also be used, provided that the chosen
method is first approved by the appropriate review agency. Ifa computer program
for flood/reservoir routing is intended to be used, documentation of the program
shall be submitted to the appropriate review agency prior to commencing design.
Non-tributary flows may not be routed through a detention facility unless specifi
cally approved by the jurisdictional agency.

•

•
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Transitions from slop~st() leyelgr9undat the top and bottom of a facility shall be
smooth curves. In all cases,slopes must be designed to allow for safe operation of
maintenance equipment. Refer to Section 8.4 for provision of maintenance access.
Side slope design should be done with the visual character of the completed facility
in mind. A more natural appearance can be achieved by varying side slopes within
a detention area.

Depth and Bottom Configuration: Maximum ponding depth and freeboard re
quirements vary within Maricopa County and specific criteria for such must be
verified by the engineer with the appropriate jurisdictional agency. With respect
to gradin~ deep facilities should be avoided, ifpossible. For facilities mexcess of
six feet deep, consideration should be given to the use of flatter side slopes or the
provision ofintermediate benches alongsideslopes. The bottomshall be designed
to drain to a low flow channel for a detention facility.

8.2.1.4 Drain Time

The design of all detention/retention facilities shall be such that the stored runoff
shall be discharged completely from the facility within 36 hours following the
storm event.

8.2.1.5 Lining/Surface Treatment: In keeping with the goal of detention/reten
tion facilities as amenities that incorporate multiple use concepts where possible,
grass and/or landscape plantings are preferred surface treatments. As a general
rule, grass and plant species used for landscape development and revegetation
should be native to Maricopa County. A registered landscape architect should
prepare the landscape design with consideration toward use of plant species
appropriate for the level and frequency of inundation of the facility. Permanent
irrigation systems are required for grass areas and most types of basin revegetation
and landscaping. However, use of native and drought tolerant species (including
seeding) may only require a temporary system to obtain effective germination and
establishment. Whether permanent or temporary, that portion of the irrigation
system within the flood zone must be designed to tolerate inundation and silt
accumulations. . -

The use of inert materials is appropriate for stabilization and erosion control where
steep slopes are unavoidable, along channels, at inflow points, at the outlet control
structure and any other location where flowing water may threaten stability. Use
of these materials should be properly engineered and should respond to aesthetic
considerations. Inert materials for erosion control include:

») Loose rock riprap with a specific, engineered gradation

» Loose or grouted boulders (minimum dimension 18 inches and larger)

» River stone

» Gabions

» Soil cement and concrete
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Designs that combine landscape lanting with the use of inert materials are recom
mended. Voids can be designed within the inert material to allow installation of
plants. The result is a durable an ,attractive method of protection.

8.2~1.6 Low Flow Channels: A low flow channel is required in the bottom of a
detentionfacility to providepositiVi •routingofdrainage to theprimaryoutletstructure.
An 'example of a rectangular con 'te low flow channel is provided in Figure 8.3. The
engineer will provide design of t e reinforcement of the channel. The channel shall
have a 0.5 percent maximum kmgi dina!slope. Alternative low flow channeldesigns
may be considered at the discretio of the individual jurisdictional agency, howeyer,
use of loose rock or other movable terials can only be made after careful considera
tion.

8.2.1.7 Detention/Retention Fa 'lity Inlet and OuUet Structures: Conveyance
of runoff into a retention facility 'ften involves directing the inflow down a slope
.into the storage area. The design of an inlet structure shall be such that inflow is
directed into the facility in a non erosive manner and without adverse impacts to
the retention facility or to upstr ~am areas. The engineer is referred to analysis
methods presented in Chapter 6 r the design of inlet structures.

•

Bent dowel

Optional const.
joint.

min: ~------~~.

Welded

6" layer bed
course mat'!.

gure8.3
Rectangular C ncrete Channel section

(Adapted from: RC Engineering, Inc. 1985)
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Retention facilities srup.be. ep-ained by either a positive gravity outlet, a pump
station, or by subsurface diSposal measures.

Outlet structures are an important component of stormwater detention facilities
since they control the rates of release from the facility, the water depth, and storage
volume in the facility. Outlet structures areclassifiedas: 1) primary outletstructures
that provide the hydraulic control for the specific design event(s) required by the
jurisdictionalagencYiand2)emergencyspillways thatprovide saferoutes, typically
via surface overflow, for storm events in excess of the design frequency or in the
case of debriS blockage or malfunction of the primary outlet structure.

Primary Outlet Struc;tures: Within Maricopa County, jurisdictional agencies may
require attenuation of a single frequency storm or a number of frequencies. Refer
to the specific requirements of the jurisdiction where the design is being preparedi
however, two-stage and multi-stage control structures are becoming m.ore widely
used. Figure 8.4 presents examples of single frequency and multi-frequency outlet
control structures.

The minimum allowable pipe size for primary outlet structures is l2-inches in
diameter.

If the flow capacity of an outlet pipe must be further reduced, an orifice plate may
be attached, as shown on Figure 8.5(a). The orifice plate must be constructed of
heavy, galvanizedsteeland attachedby tamper-proofbolts. Otheroutlet configura
tions maybe allowed provided they meet the requirements of the permitted release
rates at the required volume and include proper provisions for maintenance and
reliability.

Primary outlet structures, particularly those controlling multiple storm events, are
often special design structures unique to specific site applications. Consideration
must be given to structural adequacy and flotation under hydrostatic loads.

» Trash Racks: Trash racks shall be provided for pipe and orifice outlets.

The trash rack assembly shall be hinged or removable to allow access to the
outlet construction. The mesh or bar screen shall be fabricated of steel
designed to withstand the hydrostatic load resulting from the lOO-year
design ponding with screen openings blocked. The rack assembly shall be gal
vanized steel or steel with a protective coating suitable for exposure to sun
light, as well as submerged conditions. Figure 8.5(b) provides guidelines for
determining the open area requirements for trash racks. An anti-vortex
device should be included with the trash rack design ifvortices are an
ticipated which could affect hydraulic efficiency and cause erosion of ad
jacent earth slopes.

» Energy Dissipation at Outlet: Adequate energy dissipation measures shall be
provided at the downstream end of primary outlet structures. Such measures
shallbe designed to control local scourat the pipeoutlet and to reduce velocities
to pre-development conditions prior to exiting onto the downstream property.
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Outlet Pipe
12" I(J min.

•4

.4

•
•

4

4

• 4

A

4

•

Tamper-proof
bolt (2 each)

•4

Orifice opening .
(with trashrack not shown)
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" I' ..... '"

, # " "

• # " "·. , "I: . '· " , ." , , ." " .." " . ,

4

•

Orifice
Plate

Floor of
Outlet

4•

Recess for plate

Section A-A

Trashrack
(hinged)

(a) Orifice Plate Details•

•
NOTE: Trashrack capacity to be

10 times ·orifice capacity.

(b) Trashrack Area Requirements
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•
NOTE: For orifice diameter less than 3-,

use a minimum clear opening of.2 ft. -
Flgure8.S

Detention Facility Outiet Details
(Adapted from: WRC Engineering 1987)
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Emergency Spillways: Emergency ~pillways are normally surface overflow weirs,
channels, or combinations thereo ; provided for the safe overflow and routing of
floodwaters under ,unusual cir 'stances. Such situations include the blockage or
malfunction of the primary outlet tructure or the occurrence ofa storm event larger
than that for which the facility w designed. Consideration must be given to the
layout and configuration of the e ergency spillway so that excess flow is routed in
the same manner and direction as •ould have occurred under pre-development or
historic conditions. Emergency sillways must be designed to convey the unat
tenuated 100-year peak discharg at non-erosive velocities. For criteria regarding
design of emergencyspillways fo ;embankments, refer to Section 8.2.3.4.

8.2.1.8 Subsurface Disposal: ,e primary methods of underground disposal of
stormwater runoff at retention fa . ities are engineered basin floors and dry wellS.
Infiltration rates ofbasinfloors or y wells shallnotbeused in determining outflow
rates in flood-routing procedures.

Engineered Basin Floors: Analys' ,and design of the bottom of a retention facility
intended for subsurface disposal s detailed in Underground Disposal of Stormwater
Runoff (FHWA 1980); refer to this ublication for specific design criteria.

Dry Wells: Dry wells may be us. for subsurface disposal of stormwater, if ap
proved by the jurisdictional age cy, and if criteria such as subsurface strata per
meability, groundwater levelsan maintenancecanbesatisfactorilyaddressed. The
main cause of dry well failure is oggingof the transmission media (gravel) by silt
and debris. Failurecan be hasten ,by poor maintenance. Figure 8.6 showsa typical
dry well installation, while Figur8.7 shows examples of surface treatments.

The following list of general req " ements and criteria shall be used in the design
and construction of dry wells (or other methods of subsurface disposal of
stormwater). In addition, the en . eer is referred to specific dry well policies of the
applicable jurisdictional agency 'thin Maricopa County.

•

•

8·12

» The feasibility of subsurface . posal of stormwater at a site must be docu
mented by field investigatio .and a report by a registered civil engineer. Field
investigations shall include p ~colation tests to obtain permeability rates for use
in the design of the retention £ cility. The accepted design disposal rate for a dry
well is not to exceed 0.1 cfs pe .well unless a greater rate can be supported by a
detailed, certified soils repo 'Should thesoils report indicate a higher rate, a
conservative value of50 perc .t of the higher rate (not to exceed0.5 ds per well)
shall be used to compensate f rdeterioration over time. The infiltrationsurface
ofthesubsurfacedisposal fac' .tymust be located a specified minimumdistance
from the static groundwater t 'ble, both horizontally and vertically, depending
on the type of development 'roposed. The appropriate jurisdictional agency
should be contacted for spec' "c criteria regarding this item.

» The design of adry well must include provisions for trapping sediment within a
settling chamber. This measur .will significantly increase both the efficiency and
useful life of the welL Once a ear, at a minimum, the settling chamber should be
inspected, and it should also • inspected after any major inflow to the dry welL
Sediment shall be removed fr m the chamber at such a time that approximately
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___ Cast Iron Ring and Grate

Debris Screen

Settling Chamber

Asbestos Cone. Overflow Pipe

Precast Cone. Liner

.R"T ~----Fiber Membrane

PVC Pipe

--- Gravel Drainfill

~~~IIa.--- Injection Screen

Figure 8.6 .
Typical Dry Well Installation

(McGuckin Drilling Inc. 1987)
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Rgure8.7
Typical Dry ,ell Surface Treatments

(MeG ~n Drilling Inc. 1987) •
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one-half of its capaCity is filled. ThiS ll~vel of sediment buildup shall be clearly
marked on the inside of the settling chamber. All sediment removed from a
settling chamber shall be disposed of either at an authorized sanitary landfill or
at any other suitable location approved by the governing jurisdiction.

» A test well shall be installed for any retention facility utilizing dry wells for
stormwater disposal. Upon approval ofperformance, this test well may then be
used as one of the functioning dry wells within the retention facility. For
purposes of design, the "initial" well-injection rates (determined from the test
well) shall be multiplied by the factor 0.5 in order to establish "aged" well-m
jection rates to be used for purposes ofdetermining the required number ofdry
wells ultimately needed within the facility.

» Infiltration rates of dry wells shall not be used in determining outflow rates in
flood-routing procedures. Any retention facility which relies solely upon in
filtration as its method of drainage shall be sized to contain the maximum
storage volume that would be required without considering an outflow rate.

» Disposal methodsusing infiltrationshallnotbe permittedfor stormwater runoff
which carries significant concentrations of sediment. This includes stormwater
runoff flowing through sand bed channels, as well as stormwater runoff
emanating from a predominantly natural watershed.

» During sitedevelopment, alldry wells shall be securelycovered with filter cloth
or other material to prevent the introduction of excessive sediment into the
settling chamber.

» Retention of runoff emanating from industrial developments and infiltration of
runoff to the subsurface will be handled on a case-by-ease basis by the ap
propriate reviewing agency.

» Runoffstored in a retention facility shallbe completelydrained from the facility
within a maximum time period of36 hours following thestorm event. Dry wells
that cease to drain a fadlity in a 36-hour period shall be replaced by the owner
with new ones, unless an alternate method of drainage is available.

8.2.1.9 Permanent Pools: Certain jurisdictions within Maricopa County permit
the design of a detention facility that incorporates a permanent pool for aesthetic
purposes. The engineer should contact the appropriate jurisdiction for specific
criteria and regulations regarding such facilities. General considerations for
facilities incorporating permanent pools are listed below:

» Floodstorage volumeshallbe maintainedabove the levelofthe permanentpool.
Provision for draining the full depth of the pond shall be included at the outlet
structure.

» Maintenance of a minimum water level should be ensured by the inflow from
the watershed and/or by augmentation from other sources during prolonged
dry periods and by the capability of the bottom of the facility to retain water.
Seepage and evaporation losses should also be considered.

» Maintain water quality and minimize algae growth by designing for sufficent
minimum depth and incorporating use of recirculation and aeration measures.
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» Consider public safety as p' ary in the design of all features related to the
permanent pool. .

» Geometric characteristics of t ~ pond include:

- Choose bottom lining teria! suitable for retention of water and with
consideration toward . tenance (i.e., ease of sediment removal, etc.).
Provisions for complet ly draining the pond should be made.

- Createaesthetic yetm . !tainableedges. Edgedesignalso shouldconsider
the effect of drawdo i of the water surface. That is, a drop in water
surface elevationshoul .'not createa wide expanse ofunsightly shoreline.
Similarly, the area surr:unding the permanent pool should be designed
for periodic inundation !The area should drain completely and return to
a stable surface foHowi ga flood event.

- Provision of stable sid islopes aboye and below the permanent water
surface.

•

- The pond edge shall
depth should be limit

designed to minimize safety hazards. Water
to 1.5 to 2 feet within 8 feet of the shoreline.

8-16

Additional safety meas es are discussed in Section 8.3.

- Resolve permanent po. Jwater depth issues versus safety needs; a 3-foot
depthat shoreline req . jed to limit pond edge vegetation growth exceeds
the recommended po . edge depth (1.5 to 2.0 feet). Therefore, other
safety measures must b considered.

» The design should consider •asures to minimize sedimentinflo~to the pond.
Oncesedimenthas entered thpermanent pond, then removal canbe expensive
and may require draining the pond. Erosion should ideally be controlled at tJ;1e
sourceor by mitigation meas ,es along the incoming channel. However, ifsuch
measures are not feasible, as;' enttrapshouldbedesignedat the pond inflow
location to intercept the majrity of the incoming sediment and to facilitate
removal (see Section 8.6.4).

» Hthe detention facility and pe •. anent pool are created bya retaining structure,
such as an earth embankmenithen the design guidelines for the embankments
shall be followed, with par . ar emphasis on seepage control and embank
ment stability (see Section 8.2 4).

» Potential impacts downstrea shall be considered. The designer should be
aware that an impoundme t may improve, worsen or maintain existing .
downstream flowcharacteris 'cs, and thatanychanges, evenapparent improve
ments, may be viewed as infr i gements of downstream riparian rights.

» Since a permanent pool is mo it often desired for creation ofa focal amenity for
a development, it is approp i te that a registered landscape architectwork in
conjunction with the enginee to achieve an aesthetic design with consideration
of costs of construction and . tenance.

September 1, 1992
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8.2.2 Criteria for SpecialI>e~~I\~~oilll.l,~ten#onMethods
Specialmethods for stormwaterdetention/retention includeunderground storage,
conveyance storage, roadway embankment storage, and storage in parking lots,
pedestrian plazas, courtyards and common areas.

The· use of rooftops as storage areas for runoff is not permitted in Maricopa
County.

Application of the special measures discussed below is regulated according to
specific jurisdictions within Maricopa County. Contact the local jurisdiction before
beginning to design using any of these methods.

Since the following methods often result in facilities near buildings, it should be
emphasized that finished floor elevations ofstructures shall be a minimum of one
foot above the lOO-year water surface of the detention/retention facility.

8.2.2.1 Underground Storage: This type of storage involves the construction of
underground tanks, pipes, or vaults which accept stormwater runoff by means of
inlets and storm drain pipes. Due to the high cost of this type of installation, it is
generally limited to high-density developments, where surface storage is not
feasible due either to the scarcity or high cost of land-or both. .

Underground storage facilities must be provided with some method· of drainage
(Le. gravity drains, pumps, or infiltration). In all cases, manholes (or some other
means of access to the underground storage facilities) must be provided for main
tenance purposes.

8.2.2.2 Conveyance Storage: During the period thatchannelsand floodplains are
filling with runoff, the stormwater is being stored in transient form. This type of
storage is known as conveyance storage. Construction of slow velocity channels

- with large cross sectional areas assists in the accomplishment of such storage.
Conveyance storage systemsare usually feasible only on large projects, and require
detailed dynamic modeling for analysis.

8.2.2.3 Roadway Embankment Storage: When feasible, use of roadway fill
slopes as an embankment for a detention basin provides an economical means of
stormwaterstorage. SpecialconsiderationsmUst be givenboth to the stability of the
embankment and to the protection of the embankment from erosion. Additionally,
State of Arizona dam safety requirements may need to be addressed if the embank
ment height and/or the potential storage volume exceeds certain limits (see Section
8.2.4).

8.2.2.4 Parking Lot Storage: Using parking lots for detention/retention is a spe
cial case of surface storage. It is an economical option for meeting detention/reten
tion requirements in high density commercial and industrial developments.
Planning of areas within a parking lot which will accept ponding should be such
.that pedestrians are inconvenienced as little as possible.
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Refer to local jurisdictional stanards on the percentage of the parking lot to be
used as retention area and the a owable ponded depth. Deeper ponding should
be confined to remote areas of rlong lots, whenever possible. The maximum
d~pthof ponded water within y parking lot location shall be one foot (1 ft).

Drainage of parking lots can be acomplished by means ofdry wells (if permitted),
curb openings, weirs, storm dra", orifices in walls, or gated outlets.

The minimum longitudinal slope permitted within parking lot storage facilities is
0.005 ft/ ft, unless concrete vall y gutters are provided. With concrete valley
gutters, a minimum longitudinal ~lopeof 0.002 ft/ ft may be permitted.

8.2.2.5 Storage in Plazas, COul C:U'ds and Common Areas: Landscaped com
mon areas, pedestrian plazas a courtyards, which are typically provided in
conjunction with high density re 'idential, commercial and office developments,
provide opportunities for multipl use as stormwaterdetention/retention facilities.
Such facilities should be design . to minimize public inconvenience, especially
dUring frequent storm events. Pu lie safety issues are also very important with this
type of facility (see Section 8.3). Positive drainage to the outlet structures and
trash/debris control must be pro 'ded to assure that the facility drains completely
and efficiently.

8.2.3 Embankment Design Criteria
Whenever possible, detention/re ~:mtion facilities should be constructed with the
storage volume located entirely elow the natural ground surface adjacent to the
basin. However, in some instance this may not be possible, and embankments may
be necessary to provide the requir • storage volume. Since the use ofembankments
may create a potentialdownstre ! flood hazard due to failure of the embankment,
the following designconsiderati its must be addressed in conjunction with their
use. For additional information ~ guidelines for the design of embankments for
detention/retention facilities, ret i: to Design otSmall Dams (USBR 1987).

8.2.3.1 State Dam Safety Requ' ,ments: The Arizona Department of Water
Resources (ADWR), Division ofS .ety of Dams, has legal jurisdiction over all dams
(embankments) which exceed ce .' height and storage limits. ADWR defines a
jurisdictional dam as IIeither 25 feet or more in height or stores more than 50
acre-feet. If it is less than six feet' height regardless of storage capacity or does not
store more than 15 acre-feet regar ess of height, it is not in jurisdiction."

Figure8.8 illustrates the differenc 'betweena jurisdictionaland a non-jurisdictional
dam. ADWR should be contact .regarding specific dam-safety requirements in
conjunction with the design ofy embankment which might come under their
jurisdiction.

•

•
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Those which do fall within the jurisdiction of ADWR shall comply with their
applicable design requirements. 1
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Dam
Height,

Feet

o 15 50

Reservoir Capacity,
Acre-feet

•

AJURISDICTIONAL DAM is either twenty-five feet or more in height or stores more than fifty acre-feet. If it is less
than six feet in height regardless of storage capacity or does not store more than fifteen acre-feet regardless of
heigh~ it is not in jurisdiction.

THE H8GHT is the vertical distance from the lowest elevation of the outside limit of the dam at its intersection with
the natural ground surface to the spillway crest elevation. '

THE CAPACITY is the maximum storage, in acre-fee~ which can be impounded by the dam when there is no dis
charge of water.

FlgureS.S
State of ArIzona Jurisdictional Dam Definition

(Adapted from: State of Arizona Department of Water Resources, Safety of Dams section.)
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8.2.3.2 Non-jurisdictional Dam Design: Embankments for detention/retention
facilities in Maricopa County t t are "non-jurisdictional" according to the state
criteria will generally be classifi by the state as small dams with an associated
hazard potential. The hazard p tential classification is related to the conditions
downstream of the dam. In th jurban environment of Maricopa County, the
potential for probable loss o life and excessive damage to development
downstream (existing or future) . great. Therefore, all dams for detention/reten
tion facilities will be considered shaving high hazard potential.

The design reports, calculations plans and specifications for construction of an
embankment for a detention or r tention facility shall be prepared by, or under the
direction of, a professional en 'eer registered under the laws of Arizona, and
having proficiency in civil engin ering as related to dam technology. The engineer
should check with the appropria e jurisdiction for specific submittal requirements
for embankment damdesigns. Fi . e 8.9 shows a typical section ofan embankment
dam with common component .applicable to a typical detention or retention
facility.

8.2.3.3 Geotechnical Engineer' g Studies: A geotechnical engineering study
shall be conducted prior to th idesign of any dam. The study shall provide
information on the dam site con pons such as the dam foundation and abutments
(valley floor and sides), and shall provide evaluation of soil materials proposed for
construction of the dam. Sample .obtained from borings and exploratory pits can
be tested under laboratory condi .ons to evaluate more precisely the soil and rock
classificationproperties, strength permeability,compatibilityandotherspecialized
tests pertinent to the specific pr ject conditions. Analyses shall be conducted to
evaluate conditions such as emb nkment slope, foundation stability, embankment
and foundation seepage, interna and external erosion potential and embankment
settlement. The results of these aalyses are used to develop criteria for economic
and safe design and constructio of embankment dams. These criteria include the
types and zones. of embankmen •fill materials based on using available borrow.
materials, upstream and dow tream embankment slopes, and recommended
measures for control of seepage.

8.2.3.4 Emergency Spillway:· I embankment dams for detention/retention
facilities shall incorporate an e rgency overflow spillway for the safe overflow
and routing of floodwaters undeunusual circumstances. Such conditions include
the blockage or malfunction of e primary outlet structure or the occurrence of a
storm event larger than that for .hich the facility was designed. Floodwaters that
might otherwise overtop the em ankment shall exit the facility via the emergency
spillway and flow downstream i, .. the same manner and direction as would have
occurred under pre-developmenor historic conditions.

The design of emergency spillwas shall incorporate adequate erosion control and
energy dissipating measures to' ure the stability of the embankment. Due to the
high hazard potential of emban ent facilities in Maricopa County, the minimum
design standard for emergency pillways shall be as indicated in Table 8.1. Total
freeboard and residual freeboa d dimensions shall conform to the applicable
ADWR design requirements.

:::::::::::::::~::;;:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::;:::::::::;:::::::~:::::::::~:::::::::::::::::::::::::::::::::::::::::::::::::::::::;:;:::;:;:;:;:;:;:;:;:;:::;:;:::~::::::::::::;:::;:;:::;::~:::::::::::;:::::::::::::::::::::::::::::;:;:;:::::::::::~::::::::::::::::::;~::::::::::::::::::::::::;:::;:::~';:::;:::::;:~';:;::"$::::::::::::::;:::::::::::::::::::::::::;:::;:;:$;:::;:;:,:::::;:;:;:;::;::::
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•
Spillway Design Capacity

1/2 Probable Maximum Rood
Unattenuated 100-year inflowH s; 6ft

Dam Height

6ft< H<25

Table 8.1
Emergency Splllwa peslgn Capacity Requirements for an

Embankment 0 'mthat Is not regulated by ADWR

8.2.3.5 Primary Outlet Structur The primary outlet structure is the main outlet
structure by which stormwater is ischarged from a detention/retention facility. It
is typically a closed conduit struc : e with an inlet specifically designed to control
a single frequency storm or multi ,Ie events depending on the requirements of the
specific jurisdiction. Examples of ical primary outlet structures and discussions
of related components such'as tr h racks and energy dissipation structures are
presented in Section 8.2.1.7 (Fi es 8.4 and 8.5). Special consideration must be
given to seepage control along utlet conduits within an embankment dam, as
discussed below.

8.2.3.6 Seepage: There are basi lly two categories of seepage considerations in
embankment dam design. The p ': ary concern is that seepage does not adversely
affect the integrity or stability ofte dam. The other category, water storage loss, is
something the owner is usually ost concerned about. This category relates to
design ofadditional seepage con 01 measures as required to maintain a permanent
pool for reuse (water harvesting) ,or aesthetic or recreational purposes. Analyses
shall be conducted in the folIo . g areas at a minimum, to address control of
seepage for the primary function f detention or retention of stormwater.

Foundation: The flow of water tough a pervious foundation produces seepage
forces as a result of the friction bet . een the percolating water and the soil medium.
As the water percolates upward t the toe of the embankment, the seepage forces
lift the soil by reducing.its effec . •e weight. In certain cases, this "piping" of the
foundation soil can result in th . failure of an embankment. A very common
approach used is to excavatea cut If trench into the foundation strata, typically into
an impervious layer. The trench' j then carefully backfilled with relatively imper
vious material.

•

Embankment: Seepage through embankment will occur, even with the tightest
materials. On the upstream side 'f the dam, the embankment soils will reflect a
water level equal to the impoun ed water level. As the water seeps through the
dam, its pressure reduces and th •water level drops. Design of the embankment
shouldbesuch thatseepageat the ownstreamtoe occurs withno residualpressure.
If the seepage were excessive, or . ere to emerge at an unplanned higher location,
then erosion could begin at the' arge point and rapidly remove materials from
within the embankment. Toe dra' . are typically designed to intercept the planned
seepage flow, preventing nuisanc conditions and enhancing slope stability.

Slope Stability: Combined with s epage analysis, slope stability analysis is critical.
The forces pushing a mass of soiare analyzed with respect to the force resisting •
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;lii:::I::i1:~:::i::~~lil Public access and safety are inherent elements in the design of a detention or retention
:;;;:;;;:;:;:;:;:::;:;::::;;:;:; facility. These elements are ofprimary importance, particularly in the case of multiple-

use facilities where public use is encouraged in areas subject to potential flooding.

. Safety at detention/retention facilities is addressed in two ways. The first relates to
the need to identify and communicate potential hazards to the public. For example,
with proper signage, users can be made aware of the existence of potential hazards,
such as flooding, high velocity flows, etc.

The second relates to the design and maintenance of the facility. Appropriate steps
must be taken to mitigate potentially dangerous conditions. Where the dangerous
conditioncannotbe prevented,appropriatemeasures must beimplemented to keep
users away from hazardous locations. If these safety concerns are appropriately
addressed, there is no reason why public use of detention/retention basins should
not be allowed and encouraged.

8.3.1 Identification of Potential Flood Hazard
Signs will be the principal means by which users of the facility are advised of
potential flood hazards.

Signs should be provided at all designated entryways. They should also be
prOVided at intervals (approximately 100 feet) around the perimeter of the facility
to inform visitors who might gain access at other than designated entrances.

In addition to entry and perimeter signs, signs should be installed within the
facility. These signs should restate the potential flood hazard and should provide
directions for appropriate routes out of the basin area should flooding occur.
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Signs should indicate that rain' the immediate area is not a prerequisite for high
water levels. They should indi ~e that storms elsewhere in the watershed can
result in flooding, and in some 'ses, a wall of water may enter the facility. An
interpretive display sign illustra . g this phenomena may be appropriate at each
major entrance.

To be effective in communicatin the potential flood hazard to the public, signs
mustbein placewhenand whereeeded. Considerationmustbe givento durability
and vandal-resistance. Materi, fasteners, installation techniques, mounting
heights, etc. must be evaluated . the design of important warning signs.

In some instances, warning de 'ces other than signs may be appropriate arid
necessary. An audible alarm or ,system of flashing lightS, with a remote sensor
activated by floodwater in an up tream channel, might be considered. This might
be necessary in locations ~here atershed and inlet characteristics could result in
rapid filling of the facility.

Where parking lots are designed ch that floodwaters will inundate the area, signs
should be posted to alert use. Overnight or long-term parking should be
prohibited.

8.3.2 Inlet Structures
Often higher flood flow is direct into a multiple-use facility by an overflow side
channelspillwayorbya drop stru lure. Alarge volumeofwater entering thefacility
at high velocity can literally was :away an individual who is on or near the inlet
structure. The design of an inlet t at minimizes the velocity of incoming water will
greatly enhance safety and sho d be·inc1uded in the criteria.for inlet structure
deSign. Railing or fencing shall b:designed at the top of all structural walls.

It is also important to design inle .!structures so that they do not become attractive
nuisances. They should not be s table for potentially dangerous activities such as
skateboarding and motor-eross iking. In this regard, a rough textured surface
might be more appropriate than a smooth, troweled-finish concrete surface. Fea
tures that preclude inappropriat ,uses of inlet structures should be used.

As noted above, signs located arund the inlet structure can inform the public of
potential hazards associated wit the area. Informative and well-maintained signs
will be critically important in bas, inlet areas.

8.3.3 Outlet Structures and Spillwys
There are two elements of the afety issue as related to outlet structures and
spillways. The first deals with 1 safety of the user during flood conditions. The
second deals with the uninterru ted operation of the outlet or drain required for
the release of impounded water.

,
User safety: must be of primary c ncern with the design of outlets or drains. They
must be designed so that it is no possible for a user to be washed into an outlet
pipeline and trapped. This is P . 'cularly important when considering children
using the outlet structures as a p .yground.

•

•

•
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A properly designed tr:~hJacl<canpreveI1tdogging by debris as well asprevent a
person from being swept into the outlet structure and pipeline. In addition, where
hydraulic conditions at the outlet structure can lead to the formation of a vortex,
the design should include anti-vortex protection. It is important to note, however,
that an outlet structure is not a safe structure during floodconditions, whether it is
a horizontal pipe outlet or a riser type structure mounted to a horizontal pipeline.
Powerful inlet velocities can draw· a person underwater at the outlet structure
regardless of the existence of a trash rack or grate. Signage is important to alert the
public of this danger.

All site furnishings, such as benches, trash receptacles, and picnic tables must be
secured to prevent them from becoming waterborne-debris which could clog the
outlet structure.

Safetymustalso beconsidered downstream ofoutlet structures. Releaseflows, even
though they may be controlled, can present a hazard. Specific conditions
downstream ofan outlet must be evaluated in terms ofsafety. To protect the public,
structural walls shall have fencing or railing along the top of an outlet structure.

Safety Within the Facility
The principal factors associated with safety inside a detention/retention facility are
user education, advance warning, potential water depth, slopes, routes out of
flooded areas, and time to drain. .

User education is a fundamental element in safety design for a detention/retention
facility. Clear, concise signage with illustrative graphics can inform the public of
the primary flood control purpose of the facility and describe the various features
and their potential danger during a flood. Advance warning (alarms or lights
triggeredbyupstream water levels) shouldbeconsidered for multiple-usefacilities,
particularly where flash flooding and rapid basin inflow is possible.

Safety concerns increase with an increase in potential water depth. A facility with
a potential water depth of 2 to 3 feet Oess than the head height of most users) is
typically less dangerous than a facility with a potential water depth of 5 to 6 feet, or
more. For reasons of safety, potential water depth in detention/retention facilities
should be kept to a minimum. When possible, potential water depth of three feet
or less is recommended for small localdetention/retentionbasins immediately next
to residential areas,

In all facilities, regardless of depth, slopes in flood-prone areas should be kept as
shallow as possible. This will allow users who find themselves caught in flooded
areas (or users who deliberately enter flooded areas) to walk out and up to
non-flooded zones. It is recommended that slopes in flood-prone areas not exceed
6 horizontal: 1 vertical.

In addition to slopes, consideration should be given to bottom conditions in flood
prone ~reas.Soils that provide firm footing when saturclted are safer than soils which
do not. In severe cases ofunsuitable soils, partial or total removal may be necessary.
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In addition to gentle slopes, rou es out of flood-prone areas .must be provided.
Barriers that could trap a user in a flood-prone area must be avoided. Safe,
well-signed exit routes that a enegotiable under wet conditions must be
developed.

Operation and Maintenance

r:
I

•
Ililllllllllll~ Operation and Maintenar Ice

1::llj.I:~I!!I!lililj:jliiiil There are two major componen ~ to the maintenance of a detention/retention
::::::;:;:::::;:::::;:::~::::; facility. The first is to design a fa Plitythat is maintainable, and the second is the

physical work required to keep tl1 ~ facility operating as designed and constructed.
Maintenance of a detention/retet tion facility falls into two categories; scheduled
andunscheduled.Scheduledmair tenance includes thoseactivities suchas mowing,
pruning, and trash removal. ThesE activities can be predicted and can be performed
on a regular basis.

Unscheduled maintenance will involve the repair of facilities after storms and
flooding. The frequency and seop.of this type of maintenance cannot be predicted.
Examples are:

••

.1. Embankment repair to keep Erosion or rock riprap or earth fill sloughing from
weakening the dam structur .

2. Debris removal during and t lllowing storms.

3. Inlet and outlet channel repaiJ ~ to halt erosion and maintain hydraulic capacity.

4. Inlet and outlet structure re pair to insure that the facility will function as
intended.

•

·It is important that adequa e funding be provided for unscheduled main-
tenance such that repairs car be made immediately after flood or inundation
damage occurs.

8.4.1 Design Considerations I.

The following is an outline ofdes gn considerations and recommendations which
facilitate specific maintenance acflvities. .

8.4.1.1 Access: Access roads fo!" service and maintenance vehicles should be
·maintained to allow for equipmeI t access to the facility, whenever needed. Access
control gates should be provided ~ restricted access is required.

Design recommendations:

» Access ramps into the facility slhallbe graded at 10 percent or less. Turning radii
shall be 50 feet or greater. Ac~ess ramps shall be designed for vehicle wheel
capacities not less than 12,000 bs.

» Servicedrivesand gates shallb~ located inreadilyaccessible,but inconspicuous,
locations so as to not encoura~ e unauthorized use.

•

•
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» Designaccess control gatesarid Cl<ijacentareas shall beas secureas economically
feasible. Initial expenditures for access control can save significant costs· in
future repairs.

8.4.1.2 Sediment Removal: Sediment will inevitably be deposited in the deten
tion/retention facility. Conditions will be worst during years when construction
activity in the watershed is greatest. .

I

Design recommendations:

» Provide stilling basins or fote-basin collection points where most sediment will
be deposited (see Section 8.6.4).

» Provide controlled vehicular access into the facility for trucks and front-:end
loaders.

8.4.1.3 Repair of Eroded Slopes: Immediate repair of eroded slopes can mini
mize the ultimate cost for this activity. Small areas can be repaired by hand with
on-site materials. Large eroded areas are much more difficult and expensive to
correct because they may require larger equipment and placement of imported
material

Design recommendations:

» Keep side slopes to minimum percentages to reduce likelihood of erosion.

» Provide vegetative or inert material cover on all slopes to minimize erosion.

» Adequately protect slopes subject to moving water or foot traffic. Make detailed
evaluation of anticipated conditions and design protection accordingly. Use
collector ditches for on-site drainage at the top of slopes.

8.4.1.4 Weed Control: Weed growth can adversely affect the use, appearance,
and hydraulic characteristics ofa basin. Therefore, weed growthshallbecontrolled.

Extensive use ofherbicides in basins where the primary or secondary purpose is
groundwater recharge is not acceptable.

Design recommendations:

» Plant or seed all non-paved areas in and around the basin to establish a
vegetation cover. Weed infestation is much less likely in areas which have a
cover of desirable plants than on disturbed or untreated areas.

» Design basins to allow all areas, induding slopes, to beaccessible by equipment
such as flail mowers which can cut or remove weed growth.

8.4.1.5 Maintenance of Low Flow Channels and Drainage Structures: In-basin
drainage structures and facilities must be maintained to insure their proper opera
tion. Design can influence maintenance requirements.
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Design recommendations:

» Provide access to channels forfront-end loaders and hauling equipment. Pro
vide accessible areas, free of tres, to accommodate equipment movement.

» 'Provide energy dissipators t prevent damage to the channel or drainage
structures during high inflow pnditions.

» Design structures so that they ,'11 not collect debris which could impact proper
operation. .

8.4.1.6 Landscape Maintenance: :Some degree of plant and landscape main
tenance will be required even whn native, drought-tolerant species are planted.

Design recommendations:

» Select species with growth hatlts that minimize pruning and trinunplg or other
maintenance requirements.

» Specify and use the largest pI .ts within budgetary constraints. This can mini
mize potential damage during initial growth seasons.

» Space trees or plant masses fomaintenance and equipment access.

8.4.1.7 . Irrigation System Maint .ance: Maintenance considerations of irrigation
systems are critical, particularly w en a permanent irrigation system is installed.

Design recommendations:

» Specify and use equipment t t will continue to operate when "contaminated"
with sand or other soil depos··on. For example, large sprinkler head orifices,
verses drip emitters, are less ely to clog when lake or well water is used for
irrigation.

» Zone and layout system to avo d crossingchannels where scourand erosionare
likely to occur.

» If required, increase depth ofury or encase pipelines in concrete (particularly
mainlines) that cross channels that are likely to be eroded.

» Install control equipment (oth r than remote control valves) inareas not subject
to stormwater inundation. '

8.4.1.8 Sign, Wall, and Fence M • tenance: For the protection of the public, in
formational signs and fences musbe maintained and kept in good repair.

•

•

8-28

Design recommendations:

» Use signs that are made of al, . urn or other durable material that does not
corrode or cannot be burned.

» Secure signs to posts or stan ards with tamper-proof fasteners. Use posts or
standards that will not be d aged by anticipated flooding or vandalism.

» Locate fences away from ar as likely to collect debris and act as dams to
incoming water or water mov · g within the basin.

September 1, 1992
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» Design fences, ga~~s!VV~~ls, etc.,to minimize damage or accidental opening
during normal area use or by flooding.

» In non-eritical areas, design fences with an open or "clear-space" "at grade to
allow shallow water and debris to flow or blowunder them.

» Design fences, such as backstops, with break-away or swing-away panels so
flow is not impeded through the basin.

III Multiple-use Concepts and Aesthetic Design Guidelines

lll!jlllll![jllji:illli::ljl A goal in Maricopa County is to design detention/retention facilities as amenities
::::::::::::::::::::::::m:: and, where possible, to incorporate multiple-use concepts. Flood control functions

and other uses in detention/retention facilities are generally compatible. Rationale
for multiple-use facilities includes decreased facility costs and an increased com
munity acceptance. Combining flood storage with recreation uses or other com
munity facilities on a single site decreases total costs for land acquisition and site
development. The development of detention/retention facilities as parks or urban
green space increases the acceptancebyarea residents and encouragesbetteroverall
maintenance. Ifappropriately designed, use conflict is a minor concern.

The planning and development of facilities for multiple-use requires cooperation
between the engineer, a qualified landscape arChitect, intergovernmental agencies,
community organizations, parkand recreation departments, and risk management
agencies.

•

•

•

8.5.1 Potential Uses
Appropriate uses for detention/retention facilities in Maricopa County include
active and passive recreation, urban greenspace, water amenities, waterharvesting,
and groundwater recharge. Use(s) in addition to flood control should address
specific community needs and be clearly identified before the facility is designed.

8.5.1.1 Active Recreation: Active recreation includes a wide range of organized
andunstructured activities that involve some type ofphysical movement. This type
of recreational activity-both individual and group-generally requires larger
areas than passive recreation uses. Because of their size, regional detention/reten
tion facilities can provide more opportunities for group sports with large space
requirements. Field sports (soccer, football, baseball) require areas with stand
ardized dimensions.

8.5.1.2 Passive Recreation: Passive recreation generally involves individuals or
small groups and a minimal amount of physical activity. Typically, passive recrea
tion does not require large open spaces, and is, therefore, appropriate for both large
and small detention/retention facilities.

8.5.1.3 Detention/Retention Facilities as Water Amenities: Facilities that incor
poratea permanent pool canprovide physical and psychological relief from the hot
desert environment. The use of a permanent pool for detention/retention facilities
is limited strictly to a visual amenity because body contact activities, such as
swimming or wading, are specifically excluded.
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8.5.1.4 Urban Green Space: Ur.~green space providesa visual resource within
the community. As urbanization .ntinues, the value of green space will increase.
Green space provides visual brea . from the urban environment, acts as a filter to
clean the air and can reduce erosi n from wind and rain. Landscape materials in a
detention/retention facility shoul itespond td the recessed nature of the land form,
the scale of the facility and the oc ence of frequent flooding.

The use of native and non-native, rought-tolerant species for landscape planting
is highly recommended. The foIl wing basic zones should be considered in the
landscape design for a detention/ etention facility.

Channels: These areareas where t 'erewillbeflowing water. Planting in these areas
should be limited to grasses, roundcovers and low growing shrUbs, with
preference given to vegetation wi . flexible branching and resilient growth habits..

Basin Areas: There may be inund tion and standing water in basin areas at some
time during the year. Choice of ,lant materials should reflect these conditions.
Trees, shrubs and grasses can be ted judiciously in these zones.

Elevated Areas: These areas may e occasionally inundated. The choice of plant
material will depend on the use as igned to the area. Trees, shrubs and grasses can
be planted and more easily maint ined in areas of higher ground elevation.

8.5.1.5 Water Harvesting for Re $e or Recharge:. A basic water harvesting sys
tem consists of three compone ts: collection, storage and dispersion. Since
stormwater detention/retention Eci1ities will already be designed to collect and
store runoff, some simple additio may allow harvesting the water for reuse.

All applicable requirements of the ealth Department and the Arizona Department
of Water Resources must be met' ~dditionto the normal review requirements.

When reusing stormwater for su things as on-site landscape irrigation, the facility
must be lined by an impermeabl i membrane or by treating the soils to increase
impermeability with native or im orted clayor other measures. The local jurisdic.;.
tion must be contacted regardin .the acceptability of soil treatment measures in
terms of the effect on waterquality Grading ofthesurroundingsiteshouldoptimize
runoff to the storage facility. • evaporation control mechanism may be ap
propriate for a surface storage sys em. Dispersion ofwater is typically achieved by
pumping from the pond for irriga ;on.

A facility may be designed spec' '~ally to augment the groundwater aquifer. No
formal dispersion is required ot er than methods to maximize the potential for
water to percolate through the s 'bsurface to the groundwater table. Thus, the
facility should be designed to max . e the surface contact area between the stored
water and the soil. Potential siltat on problems must be addressed by proViding a
settling basin atthe inlet or by othr suitable measures.

Runoff water"stored for recharge r reuse purposes does not contribute to deten
tion/retention requirements. Ad ; uate storage for detention/retention must be
provided at all times, in addition 9 the volume provided for harvesting water.

•

•

•
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• III Water Quality

•

•

)I·I~II~I Introduction
Urban runoff is distinguished. from undeveloped. area runoff in two principal ways:
it occurs at greater discharge rates and volumes, and it contains varying but
commonly higher concentrations of toxic substances, bacteria, and dissolved. or
ganic matter. Detention/retention facilities can playa significant role in mitigating
the pollution problems associated. with urban runoff.

8.6.2 Major Pollutants and Their Sources
Major pollutants associated. with urban runoff include the following:

Sediment: Construction activities associated. with urbanization and poor agricul
tural practices result in erosion and sedimentation.

Suspended Materials: Particulate matter and floating material, such as oils and
scum, are included. as suspended. material. Suspended. solid concentration in urban·
runoff may be 2 to 3 times that found in domestic waste.

Oxygen Demanding Materials: These includedegradable organic matterand certain
nitrogen compounds thafconsume the availabledissolved. oxygen as they degrade.
The biochemical oxygen demand of stormwater runoff is usually in the 20 to 30
mg/l range, almost the same range as sewage effluent after secondary treatment.

Pathogenic Bacteria and Viruses: These include coliform, fecal coliform, and fecal
streptococci, the same pathogenic bacteria and viroses found in domestic sewage.

Toxic Substances: These include heavy metals and a full range of EPA designated.
pollutants. The EPA list contains ~pproximately100 primarily organic substances,
such as TCE.

.Studies show that the areas contributing the greatest amounts ofpollution are those
with highly erodible surface conditions, such as plowed. land or construction sites,
or those areas characterized. by highly impermeable surfaces, such as shopping
malls, industrial areas and large housing complexes. Runoff from vehicular right
of-way (which accounts for over 20 percent of some urban lands), will contain
hydrocarbons, other organics, and a diminishing-but still significant-amount of
lead. Fertilizers and pesticides are transported. by runoff from residential and
agricultural areas.

8.6.3 Role of DetentionlRetention Facilities in Water Quality Control
Most pollutants of concern have a high affinity for suspended. solids in runoff and
for soilparticles. Thus, the most logical way to achieve pollutant removal is through
sedimentation and infiltration. Consequently, detention/retention facility design
for water quality control should maximize settling to the extent possible. This
considerationmayalter typicaldesignfeatures. Ingeneral,quiescentconditionsand
infiltration should be maximized. while short-circuiting should be minimized.
Design techniques that will accomplish these objectives are:
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» Using long, narrow basin co gurations, Le., length to width ratios of 2:1 to 3:1,
with the length measured alo ga line between the inlet and outlet.

» Installing inlet and outlet stru tures at extreme ends of the basin.

» Using baffles or flow retarder .

» Constructing ponds in two sta .es.

» Using riser outflow structur instead of ground level pipes to maintain a
slow-draining pool encoura . g infiltration.

» Developing a grass cover for te basin floor.

» Using underground tile dr' for outlet discharge to provide soil filtration of
the runoff. .

Using wet rather than dry pon will generally improve quiescent conditions,
maximize infiltration, and provid .a degree of biological treatment.

•

8.6.4 Method for Control of Sedim ntation
Sediment removal within a dete'on/retention facility may be facilitated by the
use of a "sediment trap" at the' .et, which will concentrate the majority of the
incoming sediment bed load toas' all portion of the facility~Sediment traps should
be provided in conjunction with all detention/retention facilities which are in
tendedas multi-use facilities. Fi e8.10isa conceptualsketchofa typicaldetention
basinsediment trap. The followin listprovides guidelinesfor thedesign ofefficient
sediment traps. .

1. An additional sedimentation .olume should be provided within the sediment
trap at an elevation below th •invert of the inflowchannel.

2. The length/width ratio of th sediment trap should be a minimum of2:1, with
the length measured along a . e betweenthe inlet and outlet.

3. The basin ~hape sh~uldbe w . ge-shaped, with the narrow end located at the
inlet to the basin (see Figure i10).

•
4. Provisions for total drainage d accumulated sediment removal of the sedi

ment trap must be provided. . aintenance access should also be provided and
designed to accommodate h ~vy trucks and other equipment necessary for
removal ofaccumulated s . ent.

•
September 1, 1992

~1'11]I'i Flood Routing through Deten ion Facilities by the Storage-Indication
Method
Characteristically, the storage of a reservoir is closely related to its outflow rate. In
reservoir routing methods, the st .rage-discharge relation is used for repeatedly
solving the continuity equationiach solution is a step delineating the outflow
hydrograph. .
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Section

c:onduit For Drainage of Sediment Trap

Sediment
Build-Up -----.

Figure 8.10
Sediment Trap Concept

(from: StormwaterDetentionIRetentionManual, Pima County DepartmentofTransportation and Rood Control District,
City ofTucson, Simons Uand Associates, Undated.)
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Numerous computer software ppgrams (such as HEC-l) have been developed
for floqd routing through deten em/retention facilities. Use of a particular com
puter program should be approv . by the appropriatejurisdictional agency prior
to its application on a particular ~oject.

•
(8.1)

I(t) - Q(t)

5 = Storage volume the system, ds-hrs or ft3

t = ' Time, hrs
I(t) = Inflow to the syem, ds

om = Outflow from th system, ds

where:

The continuity equation used ireservoir routing methods is concerned with
conservation of mass: for a give time interval, the volume of inflow minus the
volume of outflow equals the ch ge in volume ofstorage. The continuity equation
for a reservoir is: '

If the time is broken into intervals •f duration dt and indexed by j, Equation 8.1 can
be rewritten for the change in stOll. ge over the interval:

(8.2) •
The values of Ij and Ij+1 are obt . I. from an inflow hydrograph. The values of OJ
and S; are obtained at the jth time 'terval from calculationduring the previous time
interval. Equation 8.3 results fro •multiplying Equation 8.2 through by 2/dt and
by isolating the unkowns OJ+1 an ' .5;+1: '

(8.3)
(25, 1 J' (25" J~ +Q. 1. -(.1' + l' 1) +::::::.L Q.M J+ - J J+ M - J

Equation8.3can beused to fadlita ;thestorage-outflowfunction solution in tabular
form (see sample problem, Sectio . 8.7.2). In order to calculate the outflow (OJ+1)
from Equation 8:3, a storage outfl w function relating 25/dt + 0 and 0 is needed.
The method for developing this re .tionship using elevation-storageand elevation
outflow data is shown in Figure 811.

The following steps are usedin th Storage-IndicationMe~od of flood-routing:

1. Develop 'the inflow hydro :aph (refer to the Drainage Design Manual for
Maricopa County, Volume I, H drology, FCD 1989).

2. Develop a elevation-storage blationship (Figure 8.11a).for the structure. The
storage will normally be dev toped in acre-feet which will then be converted
to cubic feet in the working t ble (see Table 8.3, page 8-39). •

:::::::::::::::::::::::::::~:~:::':::::::::::::::::::::::::~:::::::::::'.;.::::::::::::~::::::::::::::::::::::::::::::::~::::-;.:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::=::::: :::::::::::::::~:::::::':::::::::::::':::::::::::::::::::::::::::::::::::::::~::::::::~:::::~:::;:::::~~~::::::~:*),;.,**::;::::::::~::::::::::::::::::~::r-::::::;:~::::r-:::-:::::~:::~:::::::>.:::::::::::;::::"(.::::::
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3. Develop a eleva~op--<:iis(:harg~ relationship (Figure 8.11b) for the structure
from hydraulic eqUations relating head and discharge for various types of
spillways and outlet works. Table 8.2 includes equations that can be used. For
a discussion on the values of C, Co, and Cd, see Design of Small Dams (USBR
1987). .

4. Select the routing interval, ~t. The shorter the interval selected, the more
precise the results will be.

5. Using the results of steps 2and 3, make a fOllr:<30lumn table with the following
headings: (1) Elevation H, ft; (2) Storage 5, ft; (3) Discharge 0, cis; and (4)
25/~t + O. For an example, see Table 8.5, page 8-40.

6. Plot the value of 25/~t +0 on the horizontal axis of a graph with thevalue of
the outflow, 0, on the vertical axis (see Figure 8.11c). Figure 8.12, page 8-40,
represents such a graph.

7. Compute the value of 25j+1/ ~t + OJ+1 using Equation 8.3. All of the terms on
the right side of Equation 8.3 are known for time interval j. Obtain the values
of Ij and Ij+l from the inflow hydrograph (Step 1), as is done in Table 8.6.

• (b)
Outflow

•I
I
I
IH

(c)

Water surface
elevation

Outflow

Storage - outflow
I.C-- --'-__ function

•

(a)
Storage

Water surface
elevation

Agure8.11
Development of the Storage-outflow Function for Level Pool Routing on the Basis of

Storage-Elevation andElevatlon·Outflow Curves
(from: Applied Hydrology, ChowetaI1988)
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able 8.2
Spillway DI~harge Equations

. (from Applied Hy~rologYI Chow et a11988) •Spillway Type EquaUo~ Notation

Uncontrolled overflow ogee
crest

}\
o = Discharge, cfs
C = Discharge coefficient(1 )
L = Effective length of crest
H = Total head on the crest including

velocity of approach head

Broad-crested weir

I
I

Co = Discharge coefficientl"}
L = Effective length of crest
H = Total head on the crest including

velocity of approach head

Culvert (submerged inlet
control)

A = Cross-sectional area
Cd = Discharge coefficient(3)

Source: Handbook ofHydraulics, 6th Edition, Brater an~ King 1982.
(1) Cvalue for ogee crest varies from 3.1 to 3.9 dep rding upon the head, the depth of approach, the slope of

upstream face, and the configuration of the dowr~tream apron.
(2) Co value for broad-crested weir varies from 2.3 t3.3 depending upon the head, the breadth of weir crest, and

the shape of the upstream comer. I .

(3) Cd value for culvert varies from 0.2 to 0.9 depen ing upon the head, pipe size, pipe length, material of the pipe,
and the shape of the inlet edge.

I •
8.

9.

Determine the correspondir g value of OJ+1 to 25;+1/dt + OJ+1 from the
storage-outflowrelationship ~/ dt+0 versus 0 (Figure8.12). Thiscanbedone
by eitherusing the plot of st~ 6 or by linear interpolation of tabular values
from step 5.

Calculate the value of 2Sj+1/ ~t - OJ+1 to set up the data required for the next
time interval by:

(8.4)

(~ J ..(~ JM -OJ+l =: M +OJ+l -20j+l

10. Repeat the computation for ~ubsequent routing periods and plot the inflow
and outflow hydrographs. Sl ~ Figure 8.13.

Steps 7, 8, and 9 are demonstratec 'in Table 8.6. With the exception of Step 8, all of
these steps can be easily performE d by using a spreadsheet.

•

I •
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b. Low Flow Structure, vert (corrugated metal pipe>

Discharge coefficient =0.5
Diameter = 15 inche = 1.25 ft
Elevation of culvert i et = 1100 ft
Elevation of culvert c nter = 1100.63 ft (used to determine H2>

•
Inflow

~--'---~

Detentio Basin

Elev.11 04'-- Weir outflow

~ Culvert outflow
I .... <: •

Elev.1100'

An inflow hydrograph for this pIe problem is given, so the solution procedure
begins with Step 2. However, for practical problem, the infow hydrograph needs
to be developed for Step 1.

8.7.2.2 Solution: •Step 2. Develop a Water Surface levation-Storage Relationship, as in Table 8.3.

Step 3. Develop a Water Surface levation-Discharge Relationship, as in Table 8.4

01 = CLHf/2 = 3.5 x 20 x Hf/2

I .. 1tX1.252
02= C A..J2gH2 = 0.5 x 4 x..J2x32.2xH2

Weir Flow

Culvert Flow

Total Outflow . 0 = 1 + 02 0 /
/!:;;~,

Step 4. At = O.25hrs =9005 0nds.-- C~V-~. JY!d

Step 5. Develop a Storage-Outfl Relationship for a detention reservoir, as in
Table 8.5.

Step 6. Plot the value of 2S/ At + on the horizontal axis ofa graph with the value
of the outflow 0 on the vertical a . See Figure 8.12.

•
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• Table 8.3
Water Surface Elevatlon-storage Relationship

Average Difference Interval
Surface Surface In Elevation, Storage, Storage,

Storage, ft3*Elevation Area, Acres Area, Acres ft Acre-ft Acre-ft

1100.0 4.6
2.35 "'-0::::+-

0 0
4.7 0.5

1100.5 4.8
----. 2.35 102,370. +-

5.0 0.5 2.5 "'-0::::_----.
1101.0 5.2 4.85 211,270

5.3 0.5 2.65
1101.5 5.4 7.5 326,700

5.5 0.5 2.75
. 1102.0 5.6 10.25 446,490

5.7 1.0 5.7
1103.0 5.8 15.95 694,780

6.0 1.0 6.0
1104.0 6.2 21.95 956,140

6.4 1.0 6.4
1105.0 6.6 28.35 1,234,930

6.8 1.0 6.8
. 1106.0 7.0 35.15 1,531,130

• 7.25 1.0 7.25
1107.0 7.5 42.4 1,846,940

7.65 1.0 7.65
1108.0 7.8 50.05 2,180,180

*1 Acre·ft =43,560 ft3

Table8A
Water Surface Elevation-Discharge Relationship

•

Water Surface Weir Culvert
Elevation H1 01 H2 02 Discharge, cfs

1100.0 0 0 0 0 0
1100.5 0 0 0 0 0
1101.0 0 0 0.37 3 3
1101.5 0 0 0.87 5 5
1102.0 0 0 1.37 6 6
1103.0 0 0 2.37 8 8
1104.0 0 0 3.37 9 9
1105.0 1 70 4.37 10 80
1106.0 2 198 5.37 11 209
1107.0 3 364 6.37 12 376
1108.0 4 560 7.37 13 573
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U
lIrable8.5

Storage-OlJtflow Relationship I'v9J~ A
for aDe ,ntlon Reservoir )-~ •

Elevation H, ft

1100.0
1100.5
1101.0
1101.5
1102.0
1103.0
1104.0
1105.0
1106.0
1107.0
1108.0

~ hOi 't~/e.. Discharge 0,
Storage S, rt3 cfs

( 0
102,37( 0
211,27(, 3
326,70( 5
446,49( 6
-694,78(1! 8
956,14(1 9

1,234,93 80
1,531,13 209
1,846,94 376
2,180,18( 573

(2SI~t) +0, cfs

o
227
472
731
998

1,552
2,134
2,824
3,612
4,480
5,418

I •600

(fJ 500 ,
-..-
()

0 400

(J)
(J) 300L.-

a
..c
0
(fJ 200

0

100

/

0 1000 2000 3000 4000 5000 6000

, 2S/.6t+O, cfs
-

Figure 8.12 •Storage-Outfl~w Function for sample Problem

I

-
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• Steps 7 through 9:

Table 8.6
Routing of Flow through Detention Basin

~ 25/+1
Time, hrs Inflow, cfs 1/ +1/+1, cfs ilt -0/, cfs . ilt +0/+1, cfs Outflow, efs

0.00 r 0 +..---0~t~P7
/V-2{o)<;;:JO

-2x Step 8
0.25 L-10 -= - 10 ---- 10 """--- '--10 •o~
0.50 25 35 45 45 Step 9 0

0.75 50 75 120 120 0

1.00 100 150 268 270 1

1.25 220 320 580~~
1.50 610 830 1,394· 1,410 8

1.75 450 1,060 2,370 2,454 42

2.00 250 700 2,830 3,070 120 -rz• 2.25 160 410 2,942 3,240 ~--
. ""10

2.50 110 270 2,928 3,212 142 (7'-'

2.75 70 180 2,858 3,108 125

3.00 40 110 2,762 2,968 103

3.25 20 60 2,662 2,822 80

3.50 10 30 2,556 2,692 68

3.75 0 10 2,450 2,566 53

4.00 0 2,368 2,450 41

4.25 2,304 2,368 32

4.50 2,304 26

•
September 1, 1992 8-41



Flood Routing

....

•

•

Inflow

Ouff/ow.

4.0

...... ...... ...... ...... .. .. .... ..

2.0

Time, hrs.
Figure 8.13

Inflow and Outflow HydrographS

o

Step 10. Plot the inflow and out ow hydrographs.

700

600

500

~
cD 400
~

...c
&J
b 300

200

100

8-42

Peak Outflow Discharge: Opeak 149 cfs (from Table 8.6).

Peak Water Surface Elevation: . linear interpolation of values in Table 8.5 and
using Opeak!

The shaded area in Figure 8.13' the required storage volume capacity for the
detention basin.
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pump.ns

111 Introduction

:i.~::.::I:Ii.i.:li!lijilll Stormwater pump stations are used where gravity discharge is not feasible or for
::::::::::::::::::~:::::::~::: metering flow out of detention/retention facilities. When used independently of a

detention/retention facility, storage should be incorporated into pump station
facilities to reduce pump cycling and hence the initial capital and long-term opera-
tional costs of the pump station. .

The actual design of pump stations involves several technical disciplines, and the
approach to the design is often dependent on the size of the facility and the
consequences of any type of system failure. A pumping facility failure serving a
major interchange and adjacent major development causing millions of dollars of
damages demands greater reliability than a small pumping facility that drains a
retention pond with a 36-hourdisposal time and overflows result in small increases
in water depth of an adjacent street. This chapter provides only an overvie""," ofthe
conditions thatshouldbeconsideredin thedesign ofstormwaterpumpingfacilities.

Stormwater pump stations may be either dry pit or wet pit facilities. In the latter
type of facility, the pumps are submersible and are located in a wet well. In the
former type, centrifugal pumps are located in a dry pump room and generally use
a wet well to modulate the incoming flows (a form of storage). For small pump
stations, the pump may be located in an inlet or a manhole-type wet well.

Fora rigorous discussion ofthedesign ofstormwaterpumpstations, refer to Manual
for Highway Stonnwater Pumping Stations (FHWA 1982).

II Design Approach

li:iilll:I.I:I:i:I~11:li:1 The design approach addresses two conditions, the criteria that are to be applied
~~::imi;:i;:~i:~1<- and a check list of conditions that should be considered in the design of pumping

facilities (see Table 9.1).
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Design Approach

9.2.1 Criteria
The use ofpumping facilities for s ormwater is discouraged and will be considered
only on express agreement by, jurisdictional agency. Unless excepted by the
jurisdictional agency, the follo .g criteria should be applied to the design of
stormwater pump stations:

1. Pumpingfacilities (excludin componentswhose design requiressubmersion)
willbesetat an elevationat 0 above the anticipated level ofthe 100-yearevent,
considering that a total pOWI' failure may occur. .

•
dUng solids to a minimum of 3':'inches. Con

~r solids can be made for pumping facilities that
2. Pumps shall be capable of

sideration for handling s
serve storage facilities.

3. Screeningdevices will not be edat the entrances to the pumpstations. Grates
will be used on each catch b in.

4. Required calculations inclu : a) total dynamic head; b) net positive suction
. head; c) head capacity curve ,(parallel operation);, and d) mass flow curves.

5. Controls will provide for a ' tomatic and manual operations and will have
communications to permit tr mission offailure signals to designatedreport
ing locations.

6. A potable water supply wit ,back-flow prevention and hose bibs should be
provided to aid in removal 0 :silt and trash.

7. A ventilation system will pr vide internlittent ventilation of wet-wells.

8. Plugging factors will be us on inlets of pipe systems that are tributary to
pump stations.

•
9. Facilities not associated wit .retention facilities will provide storage to the

maximum practical extent to ~din efficient operation of the system.

10. A redundant pumping syste may be required, particularly at small installa
tions.

11. The site layout shall conside ~dequate access for maintenance vehicles.

12. Generally, stormwater pumstations should not be privately maintained.

•
;:::;:;:;:;:;:::;:;:;:;:;:;:;:::;:::;:::::;:::;:::;:;:;:;:;:::::;:::::::::::::::;:;:;:::::::::;:;:;:;:;:::::::::::::::::::::::::~::::::-;::~:~:::::::~:::~:::::::::::::::::~::::::::::::::::::::::::::::: :::::::::::::~::::::::-;:::~:::;:::::::::::::::::::::::::::::::::::::::::::::::::::::~::::::::::::~~:::~:::::::::::::~:~::::::::~:~:::::::>.::::::::::>.::~~::::::::::::::::::::::::::::~:::::::::::::~::::::::::::::::~:::::::::=::
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. Table 9.1
Design ChecklISt for Pump Stations

Initial Data
» Contributing Drainage Basin
» location of Outfall
» Capacity of Outfall
» Probable Growth in the Contributing Basin
» Inflow Hydrographs

Possible Components
» Source of Power
» Pumps
» Intakes and Catch Basins
» Controls
» Storage
» Debris Handling
» Potable Water Supply
» Testing
» Hoisting Equipment
» Ventilation
» Control of Hazardous Materials

Hydrology
Economic and Alternative Analysis

» Designation of Significantly Different Concepts
» Hydrologic and Hydraulic Detailing of Alternatives
» Cost Evaluation
» Extreme Event Evaluation of Components and Alternatives
» Environmental Considerations
» Documentation and Comprehensive Evaluation

Hydraulic Analysis
» Mass Curve Routing
» Pump Characteristics
» Pipe losses
» Miscellaneous losses

SedimentTransport
Additional Considerations

Pump Stations
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9.3.2 Relevant to Chapter
Arizona Department of Transp . tion, 1990, Urban Highway Design Procedure

Manual, (excerpts of Dra' ge portion).

_.-, 1991, Stormwater Pump StaN ~ Design Documents, Volumes I and II.

.--, Highways Division, Strues Section, Bridge Drainage Services, July 1988,
Drainage Manual, Volume, Policy 31-061.

Arizona Transportation Resear Center, May 1989, ADOT Highway Drainage
Design Manual, Interim Re 'ort-Hydraulic Designand Pavement Drainage
Sections, Research Projec No. HPR-PL-l(3l)281; McLaughlin Water En
.gineers, Ltd. Denver, Col rado (Subcontractors to: NBS/Lowry Engineers
and Planners, Phoenix, :ona).

:i:::::::i:i~l:::::ii:::i:llll . •
:::,~S~]~:~ CIted m Text

U.S. Department of Transportati n Federal Highway Administration, October,
1982, Manual for Highway Stormwater Pumping Stations, Volumes 1 and 2,
Lever, William F.
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1/2 PMF: The flood hydrograph with ordinates equal to one-half the corresponding
ordinates of the Probable Maximum Flood Hydrograph.

100-Year Flood: A flood stage or height that, statistically, has one percent chance ofbeing
equaled or exceeded in any given year. The IOO-year flood is often referred to as the
base flood.

Abutments: Walls supporting the end of a bridge or span, and sustaining the pressure of
the abutting earth. In a drop structure, the walls which form the sides of the crest
of the drop. In some structures, wingwalls (transition walls) extend upstream of the
abutment walls to create a smooth transition from the upstream channel.

Aggradation: A progressive buildup or raising of the channel bed. due to sediment
deposition. Permanent or continuous aggradation is an indicator that a change in
the stream's discharge and sediment load characteristics is taking place, see
Degradation.

Alluvium: Unconsolidated material deposited by a stream in a channel, floodplain,
alluvial fan, or delta.

Armor: Surfacing of channel bed, banks, or embankment slope to resist erosion.

Armoring: (a) Natural process whereby an erosion-resistant layer of relatively large
particles is formed on a streambank due to the removal of finer particles by
streamflow. (b) Placement ofa covering on a streambank to prevent erosion.

Arterial Stred System: Thearterial system should carrya majorportion of trips entering
andleaving theurban area, as wellas the majority ofmovements through the central
city. Frequently, the arterial system will carry important intra-urban as well as
intercity bus routes. Arterials are typically located on one-mile intervals on section
lines.
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Glossary

Baffle Chute: A type of drop structure pr outlet structure that incorporates baffles for
energy dissipation.

Baffles: Deflector vanes, blocks, guides grids, gratings orsimilar devices constructed to:
1) check or effect a more uniform distribution of velocities; 2) dissipate energy; 3)
divert, guide, or agitate flow; and ) check eddy currents.

Basin Area: The area which contribute stormwater to a concentration point such as a
lake, stream, or drainage system.

Basin Floor: The bottom of a stormwa .r retention facility which has been specifically
designed for the purpose ofdispo ing stored runoff following a storm event by the
process of infiltration into the sub urface.

Basin Sediment Yield: The total sedim nt outflow from a watershed or a drainage area
at a point or reference and in as,dfied time period. This outflow is equal to the
sediment discharge from the dra' age area.

Bed Material: Material found on the be of a stream (may be transported as bed load or
in suspension).

Bed Sediment Discharge: The part of t ,e total sediment discharge that is compo'sed of
grain sizes found in the bed and . equal to the transport capability of the flow.

Braided Stream: Astream whose flow ,divided at normal stage by small mid-channel
bars or small islands; the individal width of bars and islands is less than about
three1imes the water width; a brai eel streamhas theaspect ofa single largechannel
within which are subordinate ch els.

Bridge Low-chord: The elevation of the lowest portion of the bridge deck structure used
in determining the area Qf the bri ge opening available for flow conveyance.

Catch Basin: A chamberor well, usuall built at the curb line ofa street, for the admission
of surface water to a storm sewer r sub-drain.

Channel Failure: Sudden collapse of a hannel due to an unstable condition, such as the
removal of a bank by scour.

Channel Reach: A segment of stream I .ngth that is arbitrarily bounded for purposes of
study.

Channel Stabilization: Methods of ac .eving slope and cross-section which allow a
channel to transport the water an sediment delivered from the upstream water
shed without aggradation or stre bank erosion.

•

•

•
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Glossary

Check Dam: A lowdam or weir acrossa channel,for the diversion ofirrigation. Also used
herein for a low dam to control stream gradient, typically associated with small
streams or the low flow channel of a floodplain or other channel.

Check·Structure: A smalldrop structureconstructed in the low flow portion ofa channel
for the purpose of controlling stream gradient.

Clear Zone: The roadside border area, starting at the edge of the traveled way, available
for safe use by errant vehicles.

Clear-water Scour: Scour which occurs when there is no movement of the bed material
of the stream upstream of the crossing, but occurs as a result of acceleration of the
flow and vortices created by piers or abutments causing material at their base to
move.

Collector Street System: Collector streets may penetrate neighborhoods and may carry
a minor amount of through traffic.

Contraction Scour: General scour resulting from theacceleration of flow due to a natural
channel constriction or bridge contraction.

Crest: That portion of the drop structure which controls the gradient of the upstream
channel. In a vertical drop structure the crest is a wall typically constructed of
reinforced concrete or sheet pile. In a sloping drop structure, the crest is the portion
of the drop at the top of the slope and usually incorporates a buried cutoff wall for
seepage control.

Critical Depth: The depth at which a· given discharge flows in a givenchann'el with a
minimumspecific energy. Fordepthsgreaterand lower than critical, the flow issaid
to be subcritical and supercritical, respectively.

Critical Flow: Flow at critical depth.

Culvert: A hydraulically short conduit which conveys surface water runoff through a
roadway embankment or through some other type offlow obstruction. Culverts are
constructed from a variety of materials and are available in many different shapes
and configurations. Culvert selection factors include roadway profiles, channel
characteristics, flood damage evaluations, construction and maintenancecosts, and
estimates of service life.

Degradation: A progressive lowering of the channel bed due to scour. Permanent or
continuing degradation is an indicator that a change in the stream's discharge and
sediment load characteristics is taking place, see Aggradation.

Design Discharge: Maximum flow a structure or channel is expected to accommodate
without contradicting the adopted design constraintS.
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G10ssary

Detention Basin: A basin or reservoir here water is stored for regulating a flood. It has
gravity-flow outlets for outflows priIl.g floods.

Design Frequency: The nth-year sto for which it is expected that the structure or
facility designed for that storm w Uld experience an actual hydrological event of a
given or greater magnitude, once. on average, in n years. For example, a 50-year
storm has a 2 percent chance of 0 turing in any given year. Also called the return
period, excedence interval, or re ance interval.

Discharge: Volume of water passing tough a channel during a given time.

Drainage Basin: A geographical-area 'hich contributes surface runoff to a particular
concentration point.The terms"d ainage basin", "tributary area" and "watershed"
are used interchangeably.

Drainageway: A route or watercourse long which storm runoff moves, or may move,
to drain a catchment area.

Drop Structure: A structure construct in a conduit, canal, or open channel for the
purpose of gradient (bottom slop ) control.

Dry Well: An engineered subsurface c, mber designed to accept surface runoff -and
allow it to drain into the subsurfa e strata.

. Embankment: A man-made earth fill s cture constructedfor the purpose of impound
ingwater.

Emergency Spillway: An outflow sp' way from a stormwater detention/retention
facility that provides for the safe oerflow offloodwaters for storm events in excess
of the design capacity of the Pri OutletStructure, or in the eventofmalfunction
or debris blockage of the Primary tIet Structure.

Energy Grade Line (EGL): An inclined line representing the total energy of the flowing
water. For an open channel, the E , L is above the water surface by a value of the
velocity head. Ina closed pressure :onduit, the EGL is above the pressure head line
by a value of the velocity head. Se Hydraulic Grade Line and Figure 4.4.

Equilibrium: Thestateofbalanceofna alchannelsbetweenhydraulic forces oractions.
Equilibrium occurs when the stre bed has achieved a graded condition when the
slope and energy of the stream ar just sufficient to transport material delivered to
it. Natural channels which have s changes resulting from periods of low and
high flows are considered in equ· brium.-

Erosion: - Displacement of soil particles ;n the land surface due to water or wind action.

::::::::::~*:::::~-;.:::::~:::::~:::::::::>.::::::::::::::>.::::::::~:::-;::::::::::::::::::::::::::-;::$::::::::$::;::>.:;:::::;:;:;:::;:::;:;::>,.:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:::;:;:;:::;:;:;:;:; "-*:;,::::::::::::::>.:::::::~~:::>.::::::::::::::::::::::::::::....::~:::::::~-:::::::~:-;:::::~:::::::~:::::::::::::::::: ::::'$::~-;::~~-;~:::~:*::::*::"":::::::::~'X.:::::::::::::: :::::;::~:::::::::::::::::::::::::::::::::

G-4 . September 1, 1992

•

•

•



•

•

•

Glo~sary

Filter: Layeroffabric, sand, gravel, orgradedrockplaced (or developed naturally where
suitable in-place materials exist), between the bank revetment and soil for one or
more of three purposes: 1) to prevent the soil from moving through the revetment
by piping, extrusion, or erosion; 2) to prevent the revetment from sinking into the
soil; and 3) to permit naturalseepagefrom thestreambank, thus preventingbuildUp
of excessive hydrostatic pressure.

Filter Blanket: A layer of graded, intermediate-size gravel placed between fine-grained
material and riprap, to prevent wash-out of the finer material.

Filter Fabric: Fabric of synthetic strands that serves the same purpose as granular filter
blanket.

Fine Sediment Load (or Washload): That part of the total sediment load that is com
posed of particle sizes finer than those represented in the bed. Normally, the
fine-sediment load is finer than 0.062 mm for a sand-bed channel. Silt, clay, and
sand could be considered fine sediment load in a coarse gravel and cobble bed
channel. The washload generally comes from the watershed.

Flood Fringe: A regulatory district within the floodplain but outside the floodway district,

Flood Peak: The largest value of the runoff flow which occurs during a flood event, as
observed at a particular point in the drainage basin.

Flood Routing: The mathematical simulation of a flood wave as it moves downstream
along a watercourse or through a detention/retention facility.

Floodplain: Aflood-prone area is identified on FEMAflood insurancerate maps general
ly containing a floodway fringe district and floodway district or areas of land
adjoining or near the channelofa watercourse which havebeen, or maybe, covered
by floodwaters. J:.. floodplain functions as a temporary channel or reservoir for
overbank flows.

Floodway: A specific. regulatory district within the floodplain as identified on FEMA
flood hazard boundary maps; or the channelofa river or other watercourse and the
adjacent land area necessary to discharge the 100-year flood without cumulatively
increasing the water surface by more than one foot and without creating hazardous
velocities of floodwaters. Normally used only when developing long reaches of
floodplain mapping.

Freeboard: The vertical distance above a design water surface elevation that is provided
as a contingencyorallowancefor waves,surges/water-bornedebris orotherfactors.

Froude Number: A dimensionless number (expressed as V/(gy)OS) that represents the
ratio of inertial to gravitational forces. High Froude numbers (values greater than
1) indicate supercriticat flow with associated high velocity and scour potential.
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JGcibion or Wire-Enclosed Basket: A b ~ket or compartmentoorectangular container
made ofsteel wire mesh. When fill ., with cobblesorrockofsuitablesize, thegabion
becomes a flexible and permeable ,lock with which flow-control structures can be
built. •

General Scour: Scour in a channel or n a floodplain that is not loca1izedat a pier,
abutment, or other obstruction to ow. In a channel, general scour usually affects
all or most of the channel width.

';Geomorphology: ThatbraI!ch ofbothp ysiography and geologythatdeals with theform
of the earth, the general configura ·on of its surface, and the changes that take place
due to erosion of the primary ele ents and in the buildup of erosional debris.

Grade Control Structure (sill, check d ): A structure across a stream channel placed
bank to bank (usually with its cetral axis perpendicular to flow) to control bed
slope and prevent scour or head tting.

•mortar shotcrete.Gunite: Term formerly used for dry-

Gradient: The rate of change of a char cteristic per unit of length. The term is usually
applied to such things as cha ellstream bed slope elevation, conduit invert
elevation, velocity, pressure, etc.

Guide Bank: A dike extending upstre , from the approach embankment at either or
both sides of the bridge opening to~ect the flow through the opening. Some guide
banks extend downstream from e bridge.

Headcutting: Channel·bottom erosion i oving upstream along a waterway indicating
that a readjustment of the ch ,l's slope and itsdischarge and sediment load
characteristics is taking place. He dOltting is evidenced by the presence of abrupt
vertical drops in the stream botto .or rapidly moving water through an otherwise
placid stream. Headcutting often aves streambanks in an unstable condition as it
progresses along the channel.

Hydraulic Grade Line (HGL): For an .en channel, it is coincident with the water sur
face. In a closed pressure conduit, t is the line representing the pressure head of the
conduit. HGL will always be EGL lllinus the velocity head. See Energy Grade Line
and Figure 4.4.

u.Hymaulic Jump: The hydraulic jump.. ,an abrupt rise in the water surface which occurs
.inan openchannel when water flo •ingatsupercriticalvelocity is retardedby water
flowing at subcritical velocity or a stationary pool. The transition through the jump

'-1\''., results in a marked change in engy, evidenced by turbulence of the flow within
the area of the jump. The hydr ulic jump is often used as a means of energy
dissipation.

Hydraulic Structures: The facilities us to impound, accommodate, conveyor control
the flow of water, such as dams,eirs, intakes, culverts, channels, and bridges. •

." .;.~::::::::::;':;i:~~:::;:;:i.::::::::::::~:~:::::::::::::::-»':1-::::;:::::::;:::;:::;:;:::::::::;:::;:::;:;:;:;:;:~::::::::~:::::::::::::::::::::::::::::::::::::::::~:::::::::::::::::::~~::::::::: .::~:::~::::::::::::::::::::>:::::::::::::::::::~::::::::~::::::>::::::::::::>::::*:~~::X::::::~::::::~~~~::::::~~::::::::>:~~::::::::::::::>:-~::::::::~::::::~:::::::::::::::::::::::::::>::::~::::~::::::::::::::
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Hydrograph: The functional relationship between time and flow discharge, as observed
at a particular point within a drainage basin. In the case of a detention/retention
facility, an Inflow Hydrograph depicts the relationship of time and runoff.inflow
to the facility, and an Outflow Hydrograph is a graph of flow discharge from the
facility versus time. . '

Impervious: A term applied to a material through which water cannot pass,or through
which water passes with great difficulty.

Incised Stream: Astream that flows inan incisedchannel with highbanks.Stre~"b~ks
that stand more than 15 feet above the water surface at normal stage areregarded
as high banks.

Infiltration: The movement of water into and through the soil.

Invert: The lowest point in the channel cross section or at flow control devices such as
drop structures, dams, or outlet structures, see Thalweg.

Jurisdiction or Jurisdictional Agency: Maricopa County, the Flood Control District of
Maricopa County,and the incorporated. municipalities within Maricopa Courtty.'

Lateral Stream Migration: Change in position ofa channel by lateralerosion ofonebank
and simultaneous accretion oUhe opposite bank. Movement in which the material
has a dominate lateral component.

Launching: Release of undercut material (stone riprap, rubble, slag, etc.) downslope; if
sufficient material accumulates on the streambank face, the slope can become
effectively armored..

Live-bed Scour: Scour which occurs when the bed material upstream of the crossing is
also moving.

Local Aggradation: Aggradation ina channel or ona floodplain that is localizedat a pier,
abutment, or other obstruction to flow.

(
..f. •

Local Scour: Scour ina channel or on a floodplain that is localized. at a pier, abutment, or
other obstruction to flow.

Local Street System: The local street system comprises all facilities not on one of the
higher systems. It offers the lowest level of mobility and usually containsnq""us
routes. Service to through traffic movement usually is deliberately discouraged.

Low Flow Channel: A channel within a larg~ channel which typicallyearries low
and/or normal flows. '

Major drains: Include natural and man-made channels and conduits that serve water-
shed. areas from 160 acres to about 10 square miles. j;: io',-;tn(-T



";Ma~tel'prallriing: A "systems" approa h tothe'planriing of ifacilities, programs and
i ""-management organizations for c,mprehenSive control and 'use of stormwater

"'~,: . 'Within a defined geographical are or drainage basin.

>;Me~d~rihg'Channel: A channel exhib· "·ng a characteristic process of bank erosion and
- ,i;2', 1 ""pollifbar deposition associated wi. systematically shifting meanders.

MediflIl Diameter: , The particle diamete at the 50 percentile point on a size distribution,
3',', eurY:e',such that half of the particle (by weightior samples ofsand, silt or clay and

"<,;; byacftiMmeasurement for sampl, of gravel and riprap) are larger and half are
smaller. The median diameter is d noted 050.

"Mfuordl:ains: 'Set'fe'watershed areas u to 160 acres and are normally the drains as
sociated With subdivision develop ent.

'I MUlti-purpose Facility:, A detention'oretentionfacility that provides benefits in addi-
;. ", tion to the piimary function of£[0 d control. Such benefits may include recreation,

,L parking; visiialbuffers or water' rvesting.
~{"." ".,"i. (, . -::"-:':~.L'- t..':.,;..;~ ;'; .
::t..': (: ,:_":;~'.'" ,;1, ,: ',_ . -. ;"\: _~:,- " ,r••,., ~ ,:'i.

Nappe: , 'ThesheetorCurtain.ofwaterov~ ffoWinga weir ordam. Whenfreely overflowing
the crest ofa structure, it usually, ,at; a well-defined upper and lower surface.

, ,

,"', ' ;', r', i'
"'Off~stream DetentioItlReten,tion Facility A facility that is located near or adjacent to a

watercourse (I.e., the stream does ot flow directly into the facility). Inflow to the
facility is typically accomplished y meansof side weirs. It is also referred t~ as an
Off-line Detention/Retention Fa . 'ty.

On-site Detention/Retention:, The tern O~arystorage ofexcess stormrunoff in the upper
•area of a drainage basin. This ty 'e' 'of facilitY is typically Within a subdivision,

, ;0: primarily by art individual devel pment and generally irrespective of watershed
I ~Y-,1.~j ~~. ", features. . .

On-str.eeun Detention/Retention Facility:. A facility that is located within the path of a
fj J ;,:1";::"s'tr~arriofwa(~rcpUrse, and thereyintereepts the entire flow from the upstream

':;"' ':diairiage-soastn: It is also referred t as an On-line E>etention/Retention Facility.
l-:~~ ( ", -'_,i" '~i'::;' '!:" .

c+g~~cEt: , AholeiIl the outlet structure oa sto~waterstorage facility sized to drain the
,.'"",,' fa,cility ata'specific rate of flow. " J,
O~ J'L~}I~>,'_~n,t"".":,-t,;,;".,~' .' ro.

~':,~Q~ftifS~cttif~t;~hydraulicstructttr placeda:t the outlet of a conduit, open channel,
~" .. " •• 'G' 'spillway;etc.~'forthe purpose of '. sipaAAg energy and providing a transition to

thechannelorconduitdownstrea.Outletstructure~mayconsistofculverts, weirs,
orifices(g~~~:~r.un-gated), dry , ~lls, or any combination thereof.

•' - ,. ,r. .~"~"": .~"

Plunge Poa!:>': An~ri~rgydissipation deice placed d6wnstream of a conduit, channel or
"verncalwa~dropstructure.The plunge pool basin is typically lined with rock

1 "rip:dlp,Concreteor otherprotectiv coveringanddissipates the energyof free falling
water through impact and turbul nce.

•
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Pressure Head: Ina·(closeA:press~n}j]:onduit,it represents the energy. ~~~t:i~~~\gPt
stored in the ·fluid byv~~ qiJhe fluid being under pressure expre~$edas P/ y.
Generally having the Ul'\its.gf ,fe~t; In an open channel, the pressure h~~l.(~i is zero.

Primary Outlet Structure: Als,9:J.<nQiV1\as the Primary Spillway or PrinqPM§I?m.~gy~it
is the main outlet structure1>.-r:,1o\7-hich stormwater is ~charged if9!P}he aeten-

, tion/retention facility. -

Probable Maximum Flood (PMF): The flood runoffthat may be exp~~~¥hf~~~~st
severe combination of critical m~t,eorologic and hydrologic. c~!!~on,s that are
reasonably possible in the region. ';:, "jt -'r ,j.-:: ~L~t~-.~

Pump Station: A facility housing stormwater pumps, contro1s'cRA~.erPJan~ cql5hth.~ir

appurtenances. . -.l', ;Ii : ; s· , .<"

Regional DetentionlRetention: The tempora"y~storageof ex,~~~off,.:bXm~.pf
large storage' facilities located at strategic sites within,~;.dH¥~l(.lgebasin. Sites are
generally planned to providecontrolofexcess runofffr~,emMtiredrainage basin
with an optimum (pres~blya minimum) number of storage facilities to achieve
the most cost-effective drainage syst~¥L Regi0tlal det~tioJ;1/retention<~it~..,are
normally maintained by a public of'.ldasi-publi<;pgenCYj,:, . ;', ' ,~," --i"

V
'

Regional drains: The main outfallsfo:r drainage. They se.rve ~tersl}~ ar~$ene~~y
greater than 10 square miles, and include rivers and washes. "'~' \ ... ,. .

Residual Freeboard: For an embankment dam, the vertical distance between the maxi
mum water surface elevation and the minimum dam crest elevation.

_.·~}t.::\! . __ ';" ..1 . .... $J,.j.. ,.~_. ·r:.. - .... S"f.:E; i.X-C_f.
Retention Basin: A basin or reservoir:wherein water is stored for regulating a flood,

however, it does not ,have gravity-flow outlets for outfloWs during floods as
detention basins do. The stored water must be disposed by··some other means such
asby infiltration into soil, evaporation, injection (ordry) wells, orpumpiIlgsystems.

::;:1 .~,~, ':.ij:...r!."\f!l :... .':" "j~ ..jlO
Reverse Filter Drain: An eI1gineet.'~granular filter place<;l:Cl~<jweelkl1ple ~o<;ations on

hydraulic structures to coUectand direct groundwater to~w:~p,holestorelieve
uplift pressures and other adverse effects of uncontrolled'seepage water~

RiPraPJ:'=~:ed~:::~~~:ti~1:,~=
erosion; also the broken ro,ekor I:oncrete suitable for such~e.Riprap ~,,!l~f.t\J,een

applied to almost all kinds· .?f armo~, including wire:.enC!C?s~ riP~J7~gHStlied
riprap, sacked concrete, and concreteslabs.' ,,;; l~-;' .'.'.;;'~
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Runoff: The portion of precipitation on land that ultimately reacnes streams;'especially
water from rain or melted snow that flows over the gr9UHd~ce..;.... ,.!.; ",,-, "a
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Scour: Erosion due to flowing water, usually considered as be~g~~qs~~f~t~~ opposed
to general beddegradation., '. 7r' .; i ~j :~~. .
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Glossary ,

Trash Rack: A metal bar or grate struc ' ,e 19cate,q~t,the9v.~tstructure ofa stormwater
detentionjretention fac$tyand signed to preventblock:#geofthe outlet structure
by water-borne debris.

Trickle Channel: Also called the lowi>wchc;mn.el, ~h.etrickle channel is that portion of
a major channel which is sized to 'ca.rrY the normal low flow.
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Underdrain: SeeSubdrain.
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UpliftPressur~:Pressu.±ec;aused1:>Y ~ ontrolled seepage orgroundwater flow beneath'
, a structural slab whiCh can lead t 'cracking and'displa~mentof the structure.

Velocity l;Iead: Represeitts;the kinetic;' nergyof tQeflpwing fluid generally expressed as
, v2j2g in feet, bUt'actually is the' ~ergyper pound of flowing fluid.

VOl1ex: Localcurrel'\t accele~ationsw thcause a whirling or circular motion that tends
to form: a cavity or va~uumatits~riter,thusmovingsediment toward the cavity.

Waters of the U.S.:' ,All watet:s.whicha:,ecurreI\tly used, were used in the past, or may
be susceptible t9 use in ,inter~taterforeigtl co~erce, in~uding all waters which
are sujeet to the ebb and flow of t ,e tiqe.:

Watershed: ' M area confirled by dra' age divides, often having only one outlet for
',dlscharge~ "

WeepHol~: Openin,gs in animpermea 'lew@.orrev~tment to:r~lieve the neutral stress
orpore waterpresstn:~.Weep hoI I are ti'PicaIly coIribined,~th reverse filter drains
to form a total system fOJ; seepagcontiol. ' '

Weir: Anotch of reguIalform throug, which,waterijows. A, weir may be a depression
or notc11Pl the side of an outlet" 'ctilreor a depression of specific shape in the
emb,a11kment ofa stormwater st rage' facility. Classified in'accordance with the
shapeoftheno~ch(tperearereet", gulat weils, V-notch weirs, trapezoidal weirs
and:parabolicweirs.

UniforinFlow: Flow of const;mt, watrarea, 'depth, discharge, and average velocUy
through a reach of a cha:rmel. '; "


